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Foreword 

Increasing use of arc welding in the fabrication and erection 
of highway bridges has created a demand for bringing together 
the most useful knowledge gained through research and investi-
gation conducted in both field and shop, for the use of engineers, 
inspectors, fabricators and contractors engaged in such work. 

In full appreciation of the importance of such a project, the 
Highway Research Board's Committee on Metals and Welding, 
through a special' subcommittee comprising R. B. Alexander, 
G. Cape, L.G. Grover, 1.0. Jahistrom, G.W. Lamb, and J.F. 
Willis, with A.W. Moon as Chairman, has assembled the most 
authoritative information available on the subj ect. This publi-
cation is intended to assist in the full understanding of the prob-
lems encountered in fabrication and erection of welded steel 
structures and the proper interpretation of specifications, and 
to furnish the engineers and inspectors valuable assistance in 
inspection of the varioustypes of welds to assure compliance 
with the specifications. It will help in understanding the mean-
ing of welding terms and symbols; how to interpret the require-
ments of the plans and specifications; how to evaluate the general 
quality of welding from visual inspection; how to prevent or cor-
rect faulty welds; and how to appraise defects or imperfections 
which may or may not impair the strength of the structure. 

It was the intent 'to include only the information and data that 
would be most frequently required by the engineer and inspector. 
This report, therefore, should not be regarded as full coverage 
of the subj ect. A bibliography is included for additional sources 
of information. 

Grateful acknowledgment is made of the courtesy of the Brit-
ish Welding Research Association in granting permission to use 
a large part of the material in the memorandum "Faults in Arc 
Welds in Mild and Low Alloy Steel," which appeared in the Feb-
ruary 1950 issue of "Welding Research." 

The courtesy of the American Welding Society is also grate-
fully acknowledged for permission to reproduce various data and 
information taken from its publications. 

Acknowledgment is also made to the members of the Commit-
tee for their assistance in planning the conduct of the work and 
reviewing the manuscript, and especially to the subcommittee 
members, under the chairmanship of A.W. Moon, for their time 
and efforts in the research of the literature and the preparation. 
of the final manuscript. 

LaMotte Grover, Chairman 
Committee on Metals and Welding 
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Chapter I 

Introduction 
INCREASING USE of arc welding in the fabrication and erection of highway bridges 

has created a demand for a critical analysis of inspection factors for the use of engi-
neers, inspectors, fabricators, and contractors engaged in such work. 

The amount of shop welding for fabrication of a welded bridge will range from the 
welding of a few girder stiff eners, floor expansion devices, and minor details, to the 
complete fabrication of girders or trusses from plate material and shapes. The field 
welding necessary to construct a highway bridge is usually but a small part of the total 
work. However, in either the shop or the field welding is an important part of the 
work, often involving the safety of the structure. The necessity of thorough inspection 
of the preparation of material and fitting at joints, as well as adequate inspection dur-
ing welding operations, cannot be overemphasized. Inspection of shop welding may 
constitute the major part of the shop inspection on some bridges. Field welding in-
spection on many projects may be a small part of the duties of a bridge inspector, but 
such inspection must be carefully and intelligently performed. 

The welding processes used in highway bridge construction are usually limited to 
manual arc welding with heavily coated mild steel electrodes, or submerged-arc weld-
ing, on structural carbon steel, such as ASTM-A373 and -A7 steels. 

The intent of this report is to amplify and explain interrelated inspection factors 
that might not be understood fully by an inspector who is not thoroughly experienced in 
welding. It will help him to understand the meaning of welding terms and symbols, 
and to appreciate the importance of such matters as qualification of welders and the 
requirements for acceptance of welding procedures. Furthermore, it will tell him 
how to use various means of inspection, when protective equipment is required, how 
to make simple weld tests in the field when they are needed, how to interpret the re-
quirements of the plans and specifications with respect to preheating, how to evaluate 
the general quality of welding from visual inspection, how to prevent or correct faulty 
welds, how to insure the proper fit-up of joints, and how to appraise defects or im-
perfections which may or may not impair the strength of the structure. 

Considerations of practicability and cost have limited the number of tables and the 
amount of data and information that could be reproduced herein from the AWS Bridge 
Specifications. Thus, an attempt has been made to include only the data that will be 
used most frequently by an inspector. Some other equally important parts of the weld-
ing specifications which need no further interpretation are not treated in this report. 
Therefore, it should not be considered as a complete guide covering all information 
required by the inspector of a welded bridge. However, a bibliography is included to 
indicate additional sources of information which may be of interest or which may be 
needed in unusual cases. 

As in any type of construction work, the inspector should be careful not to impose 
arbitrary requirements that are not based on specification provisions or other reliable 
and proven information and data pertaining to good workmanship. He must discrimi-
nate between minor imperfections of little consequence and important matters or de-
fects that really detract from the quality of the finished structure or will jeopardize its 
behavior in subsequent service. In doing this, he will strengthen his position when in-
sisting that important requirements be met. 

Welding "folklore" is full of traditional superstitions and "old wives' tales" based 
on erroneous hypotheses that were developed in a purely arbitrary manner in the early 
days of welding. Most of these false beliefs have been disproved in research, where 
factors believed to be influential have been carefully controlled and their influences 
evaluated. 

For example, some welders, welding foremen, and inspectors represent that cer-
tain welding techniques, procedures and sequences of deposition of weld metal in a 
joint have been devised for the purpose of holding residual stresses to a minimum. In 
fact, some specifications may still carry clauses requiring that "such welding proce- 



dures and techniques and sequences shall be used as will minimize residual stresses," 
although the writers of such specification clauses would not be able to advise anyone 
correctly as. to how this might be done. It has been assumed sometimes that deforma-
tions and distortions are caused principally by residual stresses, and that the magni-
tude of such deformations is an indication of the- magnitude of residual stresses. - Such 
distortions are really quite largely the result of changes of dimension due- to permanent 
upsetting or shortening of localized areas that have been heated by welding,. and due to 
shrinkage of the -heated metalduring cooling.  

Experience in the control of distortion and weld cracking-has shown that in most 
cases of large weldments it is advisable to weld, in general, from points of maximum 
restraint toward parts of less restraint, such as free edges of plates being joined. 
However, the reason for such a provision is not to reduce residual stresses which re-
main in a weidment after its completion, and which are usually, of yield point intensity 
in one direction, and are found in any rolled steel material as well as at welded joints. 
Except, perhaps, under very, unusual circumstances, they, have not been found to exert 
a significant effect on the capacity of a structure to carry load. - 

Extensive tests carried out at the University of California a number of years ago 
involved careful determination of residual stresses by a well-established method to 
determine any effects of local build-up, sequence of welding, and the direction of weld-
ing, in making butt welded joints in 8- x 6-ft panels involving four plates each. Influ-
ences on residual stresses were found to be very complex. The tests disproved many 
of the arbitrary assumptions and beliefs that had been held. For example, there was 
no appreciable difference between the residual stresses in two of such panels of plat-
ing, one of which had been welded by starting at the middle of the group of plates and 
welding toward the four free plate edges, and the other of which was welded by starting 
at the free edges and welding toward the center of the panel. No significant difference 
or residual stress intensities or their patterns were found, for submerged arc welding 
with a small number of weld passes, as compared with manual welding with a much 
larger number of continuous passes. 

The following of proper welding procedures, techniques and sequences is often es-
pecially important for the control of distortion and to prevent weld cracking due to 
temporary shrinkage stresses, and it is always important to use proper welding pro-
cedures and techniques to insure the making of sound welds. However, these objec-
tives should be kept in mind, rather than unfounded beliefs. If the efforts of a welding 
inspector are directed toward attempting to accomplish something like the control of 
residual stresses, he will inevitably become confused and perhaps inadvertently im-
pose requirements that will do more harm than good. If he keeps the correct objective 
in mind, he will be able to exercise his judgment rationally. This report attempts to 
aid him in attaining his goal of good work, well done. 



Chapter, II 

Glossary Of Welding Terms and Symbols 
The definitions given here are in accordance with American Welding Society Stan- 

dards except for the starred terms. 	 - 

A 

Air-Carbon-Arc Gouging (Arc-Air Gouging)*:  An application of air-carbon-arc cutting 
wherein a groove or a grooved chamfer or bevel is formed. Used sometimes for re-
moving weld defects and for back-gouging the root of a groove weld after one side of 
the groove has been welded, preparatory to welding the other side. Metal is melted by 
the heat of an arc between a carbon electrode and the work. An air stream is used to 
remove the molten metal and otherwise facilitate control of the operation. 

Arc Cutting: A group of cutting processes wherein the severing of metals is effected 
by melting with the heat of an arc between an electrode and the base metal. 

Arc Welding: A group of welding processes wherein'coalescence is produced by heat-
ing with an electric arc or arcs, with or without the application of pressure and with or 
without the use of filler metal. 

Arc Welding Leads: See Electrode Lead and Work Lead. 

Automatic Welding: Welding with equipment which performs the entire welding opera-
tion without constant observation and adjustment of the controls by an operator. The 
equipment may or may not perform the loading and unloading of the work. 

B 

Backing: Material (metal, weld metal, asbestos, carbon, grandular flux, etc.) backing 
up the joint during welding to facilitate obtaining a sound weld at the root. 

Backing Strip: Backing in the form of a strip. 

Backstep Sequence: A longitudinal sequence wherein the weld bead increments are de-
posited in the direction opposite to the progress of welding the joint. 

Bare Electrode: A filler-metal electrode, used in arc welding; consisting of a metal 
wire with no coating other than that incidental to the drawing of the wire. 

Base Metal: The metal to be welded or cut. 

Bead Weld: A type of weld composed of one or more string or weave beads deposited 
on an unbroken surface. 

Block Sequence: A combined longitudinal and build-up sequence for a continuous mul-
tiple-pass weld wherein separated lengths are completely or partially b'jilt up in cross-
section before intervening lengths are deposited. 

Build-Up Sequence: The order in which the weld beads of a multiple-pass weld are de-
posited with respect to the cross-section of the joint. 

Butt Joint: A joint between two members lying approximately in the same plane. 

Butt Weld: A weld in a butt joint. 

C 

Cascade Sequence: A combined longitudinal and built-up sequence wherein weld beads 
are deposited in overlapping layers. (In manual shielded metal-electrode arc-welding 
a backstep sequence is normally used.) 

Chain Intermittent FilletWelding: Two lines of intermittent fillet welding on a joint wherein 
the fillet weld increments in one line are approximately opposite to those in the other line. 



Concave Fillet Weld: A fillet weld having a concave face. 

Continuous Weld: A weld which extends without interruption for its entire, length. 

Convex Fillet Weld: A fillet weld having a convex face. 

Covered Electrode: A filler-metal electrode, used in arc welding, consisting of a 
metal core wire with a relatively thick covering which provides protection for the mol-
ten metal from the atmosphere, improves the properties of the weld metal, and sta-
bilizes the arc. 

Crater: A depression at the termination of a weld bead. 

D 

Depth of Fusion: The distance that fusion extends into the base metal from the surface 
melted during welding. 

E 

Effective Length of Weld: The length of weld throughout which the correctly propor- 
tioned cross-section exists. 	 . 	 . 

Electrode (Metal-Arc Welding)*:  Filler metal in the form of a wire or rod, either bare 
or covered, through which current is conducted between the electrode holder and the 
are. See Bare Electrode and Covered Electrode. 

Electrode Lead: The electrical conductor between the source of arc-welding current 
and the electrode holder. 	 - 

F. 

Face of Weld: The exposed surface of a weld, made by an arc- or gas-welding process, 
on the side from which welding was done. 

Faying Surface: That surface of a member which is in contact with another member to 
which it is to be joined. 

Filler Metal: Metal. to be added in making a weld. 

Fillet Weld: A weld of approximately triangular cross-section joining two surfaces ap-
proximately at right angles to each'other in a lap, tee, or corner,  joint. 

Flat Position: The position of welding wherein welding is performed from the upper 
side of the joint and the face of the weld is approximately horizontal. 

G 

Gas Pocket: A weld cavity caused by entrapped gas. 

Groove Weld: A weld made in the groove between two members to be joined. The 
standard types of groove welds are: square, single-vee, single-bevel, single-U, sin-
gle-J, double-vee, double-bevel, double-U, and double-J 

Ground Connection: The connection of the work lead to the work. 

Ground Lead: See Work Lead. 

H 

Horizontal Position: 
Fillet Weld. - The position ofwelding wherein welding is performed on the upper 

side of an approximately horizontal surface and against an approximately vertical sur-
face. 

Groove Weld. - The position of welding wherein the axis of the weld lies in an ap-
proximately horizontal plane and the face of the weld lies in an approximately vertical 
plane. 



Inert-Gas Metal-Arc Welding: An arc-welding process wherein coalescence is pro-
duced by heating with an electric arc between a metal electrode and the work. Shield-
ing is obtained from an inert gas such as helium or argon. Pressure may or may not 
be used and filler metal may or may not be used. 

Intermittent Welding: Welding wherein the continuity is broken by recurring unwelded 
spaces. 

Interpass Temperature: In a multiple-pass weld, the lowest temperature of the de-
posited weld metal before the next pass is started. 

J 

Joint Penetration: The minimum depth a groove weld extends from its face into a 
joint, exclusive of reinforcement. 

L 

Layer: A stratum of weld metal, consisting of one or more weld beads. 

Leg of a FiUet Weld: The distance from the root of the joint to the toe of the fillet weld. 

M 

Manual Welding: Welding wherein the entire welding operation is performed and con-
trolled by hand. 

Metal-Arc Welding: See Shielded Metal-Arc Welding, Submerged Arc Welding, Inert-
Gas Metal-Arc Welding. 

N 

Notch Elf ect*:  The result of a notch-like detail of design, an abrupt change of contour 
or section, or of a defect or imperfection in workmanship which causes high local con-
centration of stress and constraint against ductile action, thereby affecting structural 
behavior adversely. Such notch effects are especially detrimental to fatigue or impact 
strength, and resistance to brittle fracture. 

0 

Overhead Position: The position of welding wherein welding is performed from the 
under side of the joint. 

Overlap: Protrusion of weld metal beyond the bond at the toe of the weld. 

Oxygen Cutting (improperly referred to sometimes as gas cutting or burning)*:  A 
group of cutting processes wherein the severing of metals is effected by means of the 
chemical reaction of oxygen at elevated temperatures with the metal being cut. The 
necessary temperature is maintained by gas flames obtained from the combustion of a 
suitable gas, such as acetylene, with oxygen. 

Oxygen Gouging*:  An application of oxygen cutting wherein a groove or a grooved cham-
fer or bevel is formed. Used sometimes to remove weld defects and for back-gouging 
the root of a groove weld after one side of the groove has been welded, preparatory to 
welding the other side. 

P 

Pass: A single longitudinal progression of a welding operation along a joint or weld 
deposit. The result of a pass is a weld bead. 

Peening: The mechanical working of metals by means of hammer. blows. 

Penetration: See Joint Penetration and Root Penetration. 



Plug Weld: A circular weld made by either arc or gas welding through one member of 
a lap or tee joint joining that member to the other. The weld may or may not be made 
through a hole in the first member. If a hole is used the walls may or may not be par-
allel and the hole may be partially or completely filled with weld metal. (A fillet-
welded hole or a spot weld should not be construed as conforming to this definition.) 

Porosity: Gas pockets or voids in metal. 

Position of Welding: See Flat, Horizontal, Overhead, and Vertical Positions. 

Preheating: The application of heat to the base metal prior to a welding or cutting op-
eration. 

R 

Residual Stress*: Internally.balanced stress, resulting from thermal or mechanical 
conditions or treatment, which remains in a structure or member after all fabrication 
has been completed and the part has cooled to a uniform temperature. 

Reverse Polarity: The arrangement of direct-current arc-welding leads wherein the 
work is the negative pole and the electrode is the positive pole of the welding arc. 

Root of Joint: That portion of a joint to be welded where the members approach clos-
est to each other. In cross-section the root of the joint may be either a point, a line, 
or an area. 

Root of Weld: The points, as shown in cross-section, at which the bottom of the weld 
intersects the base metal surfaces. 

Root Opening: The separation between the members to be joined, at the root of the 
joint. 

Root Penetration: The depth a groove weld extends into the root of a joint measured 
on the centerline of the root cross-section. 

S 

Seal Weld: Any weld used primarily to obtain tightness. 

Semi-Automatic Arc Welding: Arc welding with equipment that controls only the filler 
metal feed. The advance of the welding is manually controlled. 

Shielded Metal-Arc Welding: An arc-welding process wherein coalescence is produced 
by heating with an electric arc between a covered metal electrode and the work. 
Shielding is obtained from decomposition of the electrode covering. Pressure is not 
used and filler metal is obtained from the electrode. 

Size of Weld: 
Groove Weld. - The joint penetration (depth of chamfering plus the root penetration 

when specified). 
Fillet Weld. - For equal-leg fillet welds, the leg length of the largest isosceles 

right triangle which can be inscribed within the fillet-weld cross-section. 
For unequal-leg fillet welds, the leg lengths of the largest right triangle which 

can be inscribed within the fillet-weld cross-section. 

Skip Sequence: See Wandering Sequence. 

Slag Inclusion: Non-metallic solid material entrapped in weld metal or between weld 
metal and base metal. 

Slot Weld: A weld made in an elongated hole in one member of a lap or tee joint join-
ing that member to that portion of the surface of the other member which is exposed 
through the hole. The hole may be open at one end and may be partially or completely 
filled with weld metal. (A fillet-welded slot should not be construed as conforming to 
this definition.) 



Spatter: In arc and gas welding, the metal particles expelled during welding and which 
do not form a part of the weld. 

Staggered Intermittent Fillet Welding: Two lines of intermittent fillet welding on a 
joint wherein the fillet weld increments in one line are staggered with respect to those 
in the other line. 

Straight Polarity: The arrangement of direct-current arc-welding leads wherein the 
work is the positive pole and the electrode is the negative pole of the welding arc. 

Submerged Arc Welding: An arc-welding process wherein coalescence is produced by 
heating with an electric arc or arcs between a bare metal electrode or electrodes and 
the work. The welding is shielded by a blanket of granular, fusible material on the 
work. Pressure is not used and filler metal is obtained from the electrode and some-
times from a supplementary welding rod. 

T 

Tack Weld: A weld made to hold parts of a weldment in proper alignment until the final 
welds are made. 

Throat of a Fillet Weld: 
Theoretical. - The distance from the beginning of the root of the joint perpendicular 

to the hypotenuse of the largest right triangle that can be inscribed within the fillet-
weld cross-section. 

Actual. - The shortest distance from the root of a fillet weld to its face. 

U 

Underbead Crack: A crack in the heat-affected zone not extending to the surface of the 
base metal. 

Undercut: A groove melted into the base metal adjacent to the toe of a weld and left 
unfilled by weld metal. 

V 

Vertical Position: The position of welding wherein the axis of the weld is approximate-
ly vertical. 

Wandering Sequence: A longitudinal sequence wherein the weld bead increments are 
deposited at random. 

Weave Bead: A type of weld bead made with transverse oscillation. 

Weaving*:  The deposition of weave beads. 

Weld: A localized coalescence of metal wherein coalescence is produced by heating to 
suitable temperatures, with or without the application of pressure, and with or without 
the use of filler metal. The filler metal either has a melting point approximately the 
same as the base metals or has a melting point below that of the base metals but above 
800 F. 

Weldability: The capacity of a metal to be welded under the fabrication conditions im-
posed into a specific, suitably designed structure and to perform satisfactorily in the 
intended servic&. 

Weld Metal: That portion of a weld which has been melted during welding. 

Welder: One who is capable of performing a manual or semi-automatic welding oper-
ation. 

Welding Operator: One who operates machine or automatic welding equipment. 



Welding Procedure: The detailed methods and practices, including joint welding pro-
cedures, involved in the production of a weidment. 

Welding Sequence: The order of making the welds in a weldment. 

Welding Technique: The details of a manual, machine or semi-automatic welding op-
eration which, within the limitations of the prescribed joint welding procedure, are 
controlled by the welder or welding operator. 

Weldment: An assembly whose component parts are joined by welding. 

Work Lead: The electric conductor between the source of arc-welding current and the 
work. 
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j 	SPACING) OF WELDS 

I 	ARROW CONNECTING REF- 
rERENCE LINE TO ARROW SIDE I OR ARROW-SIDE MEMRER 	F  

SIZE (LENGTH OF LEG). 	 NGTH. 
I 	 OMISSION INDIC 

TROT WELD E. 
SPECIFICATION, 	 DETWEEN ARRUI 
OR OTHER REFERENCE 	 CHANGES IN DII 

ON US DIMENSIC 

/ 
CHAIN.INTERMI 	ENT-FILLET WELDING SYMBOL 

\T\ 

\\ Sib  
R LENGTH OF INC 

SIZE ILENGTN OF LEG). 

-.- 
26 -.._. 	

.. 	
IDISTANC 

" 	N 

IL _ 

NAB 

CENTERS) OF IN 

STAGGERED INTERMITTENT.FILLET WELDING SYMBE 

(N) SIZE (LENGTH OF LEG) 	 LENGTH OF INCI 

SPECIFICATION. PROCESS. 

J 

IDISTANC 
OR OTHER REFERENCE WELD SYMOOL 1 

CENTERS) OF IN 

TOIL IMAY RE OMITTED 
WHEN REFERENCE 

WELD SYMBOL - 

- WELD-ALL-AROUND SYMBOL 

SINGLE-V GROOVE WELDING SYMBOL 
- NUMBER OF SPOT OR 

IS NOT USED) 	 PROJECTION WELDS 

OR DETAIL REFERENCE ELEMENTS IN THIS UREA SIZE (DEPTH OF CHAMFERING) 

REMAIN AS SHOWN 
I- WHEN TAIL AND ARROW _ 

ARE REVERSED 

OMISSION INDICATES DEPTH 
OF CRAMFERING EQUAL TO 

] THICKNESS OF MEMBERS 	 60 	 ROOT OPENING. 

 GROOVE ANGLE. 

ESupplementary Symbols I1TT with 
WELD-ALL-AROUND SYMBOL 

Weld ing Symbols  
FIELD WELD SYMBOL 

__ ______ 	___________ILD-ALL-AROOND SYMBOL 
I INDICATES THAT WELD EXTENDS 

t' 	 WELD SYMBOL. IN
THAT WELD IS 

Q\ Iø' 	 [MPLETELY AROUND ONE JOINT TO OE MODE AT A PLACE 
OTHER THAN THAT OF 
INITIAL CONSTRUCTION 

Basic 	rrim dentification of !Anrrow 

ARROW SIDE 	 - 

-ir e and Other 	r-r r Joilli  

ARROW OF 
WELDING SYMBOL 

ARROW OF 	 ARROW SIDE 
BOL 	 OF JOINT OF 	)1NT 	- 	-- j OF JOINT 

I 
JOINT 

-- - BIN 
OF  JOINT 

SIDE 	 OTHER 
OF JOINT 

OTHER SIDE OF ARROW OF 
OF JOINT 

BUTT JOINT 
WELDING SYMBOL 	 I 	WELDING SYMBOL 

CORNER JOINT 
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STANDARD WELDING SYMBOLS 

BACK 	OR MELT- FLANGE QESISTANCE PROJECTION 
RESISTANCE- FLASH OR 

EDGE CORNER LARE-BEVEL 8ACIRING THOU SURFACING 
SPOT SEAM UPSET 

' 
I 	GROOVE1 
(WELD 	SYMBOUJ' 

(GROOVE OR FLORLE\ 
NUB SYMBOL 

NOT  NOT NOT NOT 
USED ) USED  USED USED 

I 	GROOVE 	1 
WCLD SYMOULJ 

Ic000ve OR FL000E1 
( 	WELD SYMBOL 	I 

NOT 
USED 

J LJ 7JjE EAST 
USED 

NOT 
USED 

NUT 
USED 

NOT - 	NOT NOT NOT .. . 	NOT NOT NOT NUT 

I C
NOT 

USED USED USED USED USED USED USED - USED . 	USED 

NOT NOT NOT 	-  NOT NOT _________ ___ ROT 

'X?O( __________  I USED USED 	- USED 	- USED USED )( USED 

INGLE.V.GROOVE WELDING SYMBOL INDICATING ROOT PENETRATION PROJECTION WELDING SYMBOL 
SIZE (MW. ACCEPTARLC1 

SIZEf 
OF CNAMFERING-._-L + -k,"\ PLUS 

ROOT PENETRATION 	 ROOT OPENING. 

SHEAR STRENGTH IN LB. 
PER WELDI. 	

BE 
USD1NST 	FOR 

I 	___._..><...__ ___. TCN (DISTANCE 
RETSSEER CENTERSI OF 
WELDS. 

GROOVE ANGLE. 
CIRCULAR PROJECTION 
WELDS. 

(4)—- 	NUMBER OF WELDS. 

DOUBLE-BEVEL GROOVE WELDING SYMBOL 
ENGTH OF WELDS OR 

RESISTANCE-SEAM NCREMENTS. 

ARROW POINTS TOWARD OMISSION UT SIZE DIMENSION
INDICATES A TOTAL DEPTH 
OF CHAMFERING EQUAL TO 
THICKNESS OF MEMBERS 	

TO BE CHAMFERED. 

SIZE(WIDTH OFWELD 	1 MISSION INDICATES TROT 

MIN. ACCEPTABLE SHEAR I 	0 ELD EXTENDS BETWEEN 

STRENGTH IR ID. PER 	> 	 BRUPT CHANGES IN 
IRECTIOS OR AS DIMENSIONED. LINEAR INCH MAR BE

;~~j USED INSTEAD 	 ITCH (DISTANCE BETUSEEN 
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WELDING SYMBOLS FOR COMBINED WELDS 

60. 	

B~7 

FLASH OR UPSET WELDING SYMBOL 

MUST BE USED TO 
IIROCESS REFERENCE 

I INDICATE PROCESS 

LESIREO. 

PLUG WELDING SYMBOL 	(DISTANCE 	 BRAZING, FORGE, THERMIT, INDUCTION AND FLOW WELDING SYMBOL BETWEEN 
WELDS. 

PROCESS REFERENCE 
DEPTH OF FILLING IN 	MUST DC USED TO 

INCLUDED ANGIfl____________________ B 	 OMISSION INDICATES 	DESIRED. 	
T 	 - 

CENTERS( OF 

SIZE 101A. OF HOLE UT ROOT).-...- 	 INCRES. 	 INDICATE PROCESS 

OF COUNTERSINKJ 	 FILLING IS COMPLETE. 

SLOT WELDING SYMBOL 

DEPTH OF FILLING IN 	
ORIENTATION. LOCATION 
AND All DIMENSIONS 
OTHER TRAN DEPTH OF INCHES. 

OMISSION INDICATES 
FILLING IS COMPLETE. 	

FILLING ARE SHOWN 
UN THE ORAWING. 

RESISTANCE-SPOT WELDING SYMBOL 

	

(5) - 	 NUMOEN UY WELDS. SIZE (DIV. OF WELD). 
MIS. UCCEPTADIE SHEAR 
STRENGTH IN LB, PER 
WELD RAY Ut 05DB 	

.25"N( 	
_ACREMENRS 

PITCH IDISTANCE 
BETWEEN CEHTERSI OF 

IN SR CA U. 

FLUSH-CONTOUR SYMBOL 
USH.CUNT000 SYMBOL.l 
DICATES FACE OF WELD I 

BE MADE FLUSH. WHEN 

	

Fr_m 

	

SYMBOL (USER'S 
I 	 _______ STD.I 

ED WITHOUT A FINISH I 
__ISH 

INDICATES M ETHOD OF 
MAUL INDICATES WELD PS- OBTAINING SPECIFIED 

BE WELDED FLUSH I \ 	7 M CONTOUR BUT NOT 
THOAT SUBSEQUENT DEGREE OF FIBISN. 
fiSHING 

MELT-THRU WELD SYMBOL 

MELT.TNRU SYMBOL IS NOT DIMENSIONED 

ANY APPLICUOLE GROOVE 
OR FLANGE WELD 

EDGE- AND CORNER-FLANGE WELD SYMBOLS 

RADIUS
— T. 32;j~~ 

I 	\ WEIGHT ABOVE POINT 
SIZE 

OF WELD 	 OF TANGENCY 

CONVEX-CONTOUR SYMBOL 

FINISH SYMBOL IRSCR'S 
CORDED-CONTOUR SYMBOL 	 STD.I 

INDICATES METHOD OF INDICATES FACE OF WELD 
TO BE FINISHED TO

OB GREC OF FINISH 

TAINING SPECIFIED 
CONTUOR 

FINISH. 
NOT CONVEX CONTOUR. 

	

OTHER SIDE 	 I ARROWSIDE 	

A71OTNER 

	

OF JOINT 	 MEMBER OF JOINT 	 O

ARR0WSDE
OF JOINT 	 OTHER SIDEOF

C BER OF VS T 	 JOINT 
U ER SIDE

OF JOINT 	 CEDING SYMBOL 	 I 	 ARROW 
 ARROW 	

OF 	SIDE 

LAP JOINT 	 WELDING SYMBOl. 	 EDGE JOINT 	OF JOINT 

)CIETV, 33 West 391b S(,ee(. New York 18, N. V. 



Chapter III 

Summary of Welding Inspector's Duties and 
Steps To Be Followed in Inspection 

In addition to the general information furnished herein, the inspector should acquire 
a complete set of design and shop drawings, specifications, records of inspections that 
have been made previously of the structural steel and of previous fabrication that has 
been done. He should have a suitable weld gage, protective face-shield, tape, scale, 
magnifying glass of about 10-power, and marking crayons, as well as temperature-in-
dicating crayons when they are needed to determine preheat or interpass temperatures. 

Prior to the start of actual welding operations, the inspector and welding foreman 
should hold a conference to insure that agreement has been reached regarding details 
of the procedure and sequence of welding to be followed, the status of qualification of 
the welders, and approval of electrodes and other materials and equipment to be used. 

Inspection of welding for bridges is similar to other inspection of bridge construc-
tion. It consists mainly of seeing that the plans and specifications are followed, mak-
ing decisions with regard to the correction of minor defects, and allowing or disallow-
ing minor variations in details or procedures that may be proposed by the contractor. 

Before welding is started the inspector should see that the steel as received is not 
bent, injured, or otherwise defective, and that it is prepared and assembled with prop-
er fitting for the executing of sound welds and the maintaining of correct dimensions 
and alignment; also that suitable provisions are made so that shrinkage that will occur 
during welding can be accommodated without causing distortion or shrinkage cracks. 
Shop jigs and fixtures, erection falsework, and other supporting devices, should be so 
arranged that all welding of a joint can be accomplished without undue restrictions on 
the movements of the welder or of his being able to see the point where he is welding 
and hold his electrode in the proper position. After this has been done, the major part 
of the attention of the inspection should be directed to the welding procedures, tech-
niques, and sequences used, to insure obtaining sound complete welds in accordance 
with the plans and specifications. 

It is important that the various steps of the welding procedure, especially on im-
portant multiple-pass butt welds, be performed carefully to insure that. the surfaces of 
base metal or previously deposited weld metal are clean where the weld metal is to be 
deposited, and to insure that the weld is being made in accordance with the approved 
procedures and that distortion is not becoming serious. Serious distortions should be 
corrected before the work advances so far as to make their correction very difficult. 
All objectionable distortions should be recorded, whether or not they are serious 
enough to require correction; if possible recommendations should be made as to how 
to minimize them on future work. 

Decisions which the inspector is not authorized to make or which he feels he is not 
capable of making on the basis of his experience and knowledge of engineering and weld-
ing theory, and which would affect the function of any part of the structure in an impor-
tant way, should be referred to the engineer. 

An inspector does not need to have the ability to do welding himself in order to be a 
good welding inspector. Nevertheless, he should have a good knowledge of proper 
welding techniques and procedures, as well as the ability to make correct decisions 
regarding them and to observe and accurately evaluate the effect of unforeseen condi-
tions on the quality of welds. 

The welding inspector should assist in making interpretations of the plans. He 
should assure himself that the welders, the welding equipment, and the materials to 
be used, all conform to the requirements of plans and specifications. 

The following list of steps to be followed by an inspector on welded fabrication or 
construction will serve as a check list to which reference should be made to insure 
that all necessary steps have been taken. It is suggested for use as a general guide in 
the routine of making welding inspections in the shop or in the field, with the under- 
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standing that the actual steps and exact sequence in which they are taken will depend 
somewhat on the type of bridge, the method of erection, and the extent of qualification 
of the welders who are to do the work. The items enumerated pertain particularly to 
welding and related operations. They are not intended to include all of the items that 
should be checked by shop and field inspectors of welded steel bridge work. 

Prior to Welding 

At the fabricating plant, check the mill test reports on the base metal for con-
formance with the specifications with regard to mechanical properties and chemical 
properties to the extent they are specified. In both shop and field, examine the base 
metal for defects that may have occurred in the rolling mill, in the fabricating shop, 
or in subsequent handling, including any defects in the base metal which should have 
been corrected previously or which should have caused rejection of the piece, such as 
rolling mill defects, cracks, laminations, or scabs, and kinks or bends resulting from 
improper handling or storage. The specifications usually prescribe tolerances for 
surface defects and for straightness, and rolling mill dimensional tolerances. 

Check the records or other evidence of welders?  qualifications and investigate 
the continuity of their work since the data of qualification tests. If requalification or 
supplementary check tests of a welder's ability are needed, have theiri done. 

Make sure that the welding procedures and sequences are agreed upon and un-
derstood by the inspector, the contractor, the foreman, and the welders. A complete 
and clear understanding by everyone concerned, before welding is started, will pre-
clude controversy and help to promote cooperation between the inspector and the con-
struction forces to produce good workmanship. 

Prior to the fitting of welded joints, make a general examination of the struc-
tural steel with particular attention to the quality of fabrication, including accuracy of 
plate edge preparation, which would affect control over welding. Require any neces-
sary correction to be made before fitting is done. In the field, check the appearance 
and dimensions of shop welds and make sure that no welding has been done previously 
at improper locations, which would affect adversely the performance of the structure 
being built. 

Prior to welding, check the fitting of joints that are to be welded, including di-
mensions of root face, angle of bevel, cleanliness, match marks, the alignment of the 
parts to be joined, and the uniformity and size of root openings. Even though plate 
edge preparation has been checked previously, this recheck of root faces and angles of 
bevel is advisable because sometimes trimming and rebeveling of plate edges is done 
during fitting. 

At Start of and During Welding 

In case of inclement weather, see that suitable special precautions are taken. 
Require windbreaks or shields to be provided when the wind is strong enough to pre-
vent welding from being carried out in a normal manner without such protection. Re-
quire parts to be preheated when the temperature of the steel is low enough to require 
such preheat under the provisions of the specifications. Welding is not permitted on 
surfaces that are wet or exposed to rain or snow. 

Check to make sure that the correct types and sizes of electrodes are provided 
and that they are in satisfactory condition and have been stored properly to prevent 
damage. This is especially important in the case of low-hydrogen electrodes. If they 
are stored under conditions that permit them to absorb excessive moisture in their 
coating, their use will provide no advantages over ordinary electrodes. If they have 
been exposed to humid atmosphere, require that they be reconditioned as provided by 
the specifications. 

Observe the technique and performance of each welder, at suitable intervals, to 
make sure that the approved welding procedures and suitable techniques are being used, 
to conform to the requirements of the applicable specifications. In the case of very 
important joints, especially when some unusual conditions are involved that warrant 
special attention, it may be advisable to arrange for inspection of multiple-pass welds 



14 

at more than one stage of progress. In this case, arrangements should be make for 
the welder or the foreman to notify the-inspector at proper times when such inspection 
of various stages is to be made. 

Require all welding to be done by the approved procedures and sequences, mak-
ing sure that electrodes are used with suitable currents and polarity and in positions 
for which the electrodes are intended to be used. 

Require that the arc be struck only in the groove or other area upon which metal 
is to be deposited, and not at random on the base metal outside of such areas. Promis-
cuous striking of the arc may result in unsightly blemishes and under some circum-
stances can be very objectionable from a technical viewpoint. When steel ground bars 
are used in lieu of ground clamps, to carry the welding current to the base metal, 
make sure that such ground bars are welded to the base metal in a careful manner, 
without undercutting, and in such a manner that when they are removed, the base met-
al can be made smooth without leaving defects that would constitute notch- eff ects or 
unsightly scars. It is usually possible to attach such ground bars at areas that do not 
carry high tension stress. 

Inspect root passes with special care. It is very important that the first welding 
deposited in the root of a multiple-pass weld be made properly. In important groove 
welds, such as butt welds, the root pass should be examined from both sides of the 
joint to make sure that it has been made properly. 

Require the root pass and every subsequent weld pass to be cleaned before the 
next succeeding weld pass is made. Defects and substandard workmanship in any weld 
pass should be removed by chipping or gouging before subsequent passes of metal are 
deposited. Vigorous wire brushing, and sometimes chipping as well, may be required 
to remove slag thoroughly between wld passes and avoid inclusions. However, no 
peening or consolidating of weld metal by hammering should be permitted without the 
special approval of the engineer and under very carefully controlled conditions. Re-
search has shown that to avoid damage, peening must be done very carefully and only 
under certain conditions. Under no circumstances should peening be permitted on root 
passes or final surface passes of a weld. At one time, it was thought that under con-
ditions of very severe restraint peening was necessary to avoid weld cracking, but ex-
perience has shown that cracking can be prevented by other more foolproof methods or 
techniques, such as using a cascade build-up sequence and avoiding any interruptions 
in the welding of a critical joint other than those necessary to change electrodes and 
quickly clean the slag from a layer before the next one is deposited. Sometimes the 
interrupting of the welding long enough to perform a peening operation may do more 
harm than good. 

Take particular care not to create notch-effects in highly stressed parts of prin-
cipal members. For example, where beam flanges do not match well at butt welded 
splices, require that the weld metal be deposited in such a way as to provide a smooth 
transition between the parts being joined. 

9:- Check occasionally to make sure that welds of proper size, length, and location 
are being made, to conform to the drawings, and that the welding is being done in such 
a mánnêr as to produce acceptable soundness of weld metal. In case of doubt as to 
whetherthe weld metal is being deposited 
in such a manner as to penetrate well into 
the root of, a joint, without producing ex- 
cessive slag inclusions or porosity, a 
field test can be conducted by making a 	 - - 
T-joint with a fillet weld on only one side  
of the-stem of the tee, which permits the 
joint to be broken open easily for visual 	 r 
examination, as indicated in Figure 1. II 	 VIII 77 

welds are to be ground smooth and flush 
for any reason, grinding should always 
be done so as not to leave grinding marks 
transverse to the direction of the main 
stress in a member. 	 FIgure 1. FIllet-weld break test. 
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10. Identify each splice of an important member with the symbol of the welder do-
ing the work. If two welders work on such a splice, the symbol of each should be 
shown and a written record should show what work each man performed. 

A later section, on "Defects in Arc Welds in Mild and Low-Alloy Steels," includes 
information which should be helpful to an inspector in preventing the Occurrence of 
such defects during welding, as well as in correcting them if they do happen to occur. 

After Welding 

Require welds to be cleaned of slag so that they can be given a thorough final 
examination. The surfaces of the welds should be reasonably smooth and of suitable 
contour without evidence of undercut, overlap, excessive convexity, insufficient throat 
or leg size, unfilled craters at the ends of welds, or other defects that are unsightly 
or prohibited by the specifications. Photographs in the section on "Defects in Arc 
Welds" indicate the appearance of welds containing the various kinds of defects men-
tioned. All scars and defects, such as undercutting or remnant portions of tack welds 
and other scars which are left after the removal of temporary fitting and erection clips, 
should be corrected so as to leave the surface of the base metal acceptably smooth. 

Immediately before painting, make sure that all areas, including welded areas, 
are thoroughly cleaned and dry. It is preferable to clean and paint welded areas soon 
after welding has been completed, unless otherwise provided by the specifications. 



Chapter IV 

Verlfièation of. Procedures and Welder 
Qualifications, and Administering of 

Any Necessary Qualification Tests 
The shop drawings or design plans will usually designate any special features of 

welding procedures and sequences that are to be followed, if they are of critical im-
portance. If the procedure and sequence are not sufficiently definite as covered by the 
plans and specifications, or if special conditions exist which prevent obtaining satis-
factory results when following the procedure of the plans and specifications, it will be 
necessary to establish a revised procedure. 

For relatively simple joints and normal conditions, it is usually possible to vary 
some parts of a welding procedure within limits prescribed by the specifications with-
out adversely affecting the results obtained. In such cases, it is only necessary to 
select the most logical and economical procedure, within those limits. When the joint 
to be welded is complicated and subject to severe bi-axial or tn-axial shrinkage 
stresses during welding, the various parts of the welding procedure might have to be 
controlled within narrower limits. 

If for any reason the design office wishes special welding procedures and sequences 
to be developed as a part of the work on some project, special provisions may have to 
be made for any assistance that is to be furnished by the contractor in developing such 
special procedures. The development and evaluation of special welding procedures is 
very costly and should be required only in exceptional cases. 

For unusual or important joints, such as splices in very large girders, the welding 
procedure and sequence should be predetermined, if possible, and this information 
shown on the design and shop plans. If the procedure is determined in the field, it 
should be described on the permanent record (as-built) plans for future reference. 

Some provisions of standardized welding procedures must be considered inalter-
able, in any event, because of their nature. Other provisions may be altered some-
what beyond the limits prescribed in the specifications if the acceptability of such 
changes is verified by means of procedure qualification tests. 

The skill of the welder has a great deal of influence on the quality of the welding. 
The inspector should have evidence of proper qualification of the welder for the work 
that he is to do. This evidence should indicate the authority making the qualifying 
tests, the kind of tests made and in case of a restricted qualification the positions of 
the welds that the welder is qualified to make. The inspector should make sure that 
the authority administering the qualification tests of the welder has been approved by 
the engineer. 

Usually the specifications will permit a welder qualified in a more difficult welding 
position (for example, vertical or overhead fillet welds) to perform welding in less 
difficult positions (for example, flat and horizontal fillet welds). In certain localities, 
some of the available welders may be experienced mainly in welding in one or two po-
sitions or only on some types of joints, and they are capable of producing high quality 
welds in only those positions or types of joints. Also, a part of the training of new 
welders can be done most advantageously in production work after they have received 
preliminary training in welding schools or shop classes and have passed qualification 
tests that may restrict the kind of welding they are permitted to do. Therefore, some 
specifications and plans infer or require that the welder be qualified with respect to 
the quality required of the welding that he is to do. For example, in such cases the 
welder may be classified as being capable of making overhead welds in relatively un-
important joints but not classified as being capable of making overhead welds in the 
more important joints. 

In all cases, the evidence or records of the welder's qualifications should be re-
viewed by the inspector before welding is started to ascertain that he is qualified for 
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doing the welding that is to be assigned to him. In the case of restricted qualification 
of the kind mentioned, the welder should be permitted to work only on the types of 
welds and positions of welding for which he has been qualified. 

It may happen that a welder who has evidence of having been qualified, is apparently 
doing unsatisfactory work. In some doubtful cases, a simple T-joint test made on the 
job as described under "Summary of Welding Inspector's Duties," may be sufficient to 
clarify his standing. Also, he may be incapacitated because of a temporary physical 
condition or for some other reason. If the inspector decides that complete requalifi-
cation of a welder is necessary, he should require it. Qualification tests are expen-, 
sive; therefore, requalification should not be required unless there is good evidence 
supporting the need for it. The specifications usually require that if the welder has 
not been employed in the process of welding for which he has been qualified for a cer.- 
tain period, such as three months, he must be requalified. The specifications usually.  
indicate that if his work merely appears to be below the requirements of the. specifica-
tions, the inspector should first administer a simple field.test, such as the fillet-
weld break test previously mentioned, but that if the welder's ability still appears. 
doubtful, complete requalification may be required.  

The information given in the preceding paragraphs regarding welder qualification is 
applicable generally to the qualification of operators of automatic welding equipment. 

All qualification tests should be administered in conformance with the requirements 
of the pertinent welding specifications. Complete details of the qualification tests of 
the American Welding Society are given in the "Standard Qualification Procedure" of 
that body.  



Chapter V 

Interpretation of Drawings and Specifications 
By the time a project has reached the construction stage, the plans and specifica-

tions should have been thoroughly checked and usually they can be assumed to be com-
plete. However, there is always a possibility of omissions or dimensional errors. 
Therefore, theyshould be checked to see that sufficient and correct information is 
given to complete the work properly. 

There may be some conditions that cannot always be predicted and covered clearly 
by the plans and specifications, such as injury to the steel in handling and transporta-
tion and the effect of unusual weather conditions and of the methods of assembly or 
erection. The effect of any such unusual conditions on the quality of thewelding should 
be evaluated by the inspector, and an agreement reached with the contractor with re-
gard to any necessary corrections or changes that should be made. 

Additional detailed provisions may have to be developed and agreed upon, in case 
complete information is not included in the plans and specifications regarding the weld-
ing procedures and sequences for making important joints such as those in splices of 
beams or plate girders, or important joints that may be subjected to an unusual amount 
of restraint during welding if the most suitable procedures and sequences are not used. 

For various reasons, changes in the plans of a structure are sometimes necessary 
after construction work has been started. Also, altered conditions with respect to 
welding may arise in connection with the removal of material or parts of a structure 
and their replacement. In such cases, the inspector should analyze the conditions 
carefully to make sure that if they affect the suitability of the welding procedures or 
sequences, proper revisions are agreed upon in advance of the start of the welding on 
that portion of the structure. As has been indicated in the section entitled "Summary 
of Welding Inspector's Duties," it may be necessary to refer such matters to the engi-
neer for advice and guidance. 

The workmanship clauses of welding specifications usually include information, that 
can be used in interpreting drawings and in determining suitable dimensional tolerances 
for weld grooves, as well as for the finished work. 

When inaccuracies in preparation of plate edges and in fitting at welded joints result 
in weld-groove dimensions that vary from those shown on the approved detail drawings 
by more than the specified workmanship tolerances, the matter must be referred to 
the engineer for approval or correction. 

Parts to be joined by fillet welds should in no event be separated by more than 3/16  in. 
if the separation is '/16  in. or greater, the leg of the fillet weld should be increased by 
the amount of the separation. However, the separation between faying (contact) sur-
faces of lap joints, or between a backing strip or structure and the plate surfaces of a 
butt joint, should in no case be greater than '/16  in. 

The use of fillers should be prohibited, except as specified on the drawings or as 
especially approved by the engineer and installed in accordance with the requirements 
of the specifications which pertain to the use of fillers in splices. Otherwise, a filler 
might be used in such a way that it would be called upon to transfer stress in a manner 
for which it is inadequate, and the joint might thereby be weakened. 
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Chapter VI 

Objectives of Welding Procedures and 

Basis for Determining Them 
One of the most important parts of the inspection of welded construction is to de-

termine that the welding procedures being used conform' to the requirements and ob-
jectives of the specifications, and are suitable for conditions thatexist during the weld-
ing. 'The factors requiring attention are considered under the following general head-
ings: 

Temperature and atmospheric effects. 
Base metal. 
Filler metal for manual welding. 
Electrodes and flux for submerged arc welding. 
Details of procedures and qualifications of special procedures. 

Although the effects of some departures from correct welding procedures may be 
such as to be evident during inspection after welding, others will not be. Therefore, 
the inspector should make sufficient observations of the welding operations to satisfy 
himseLf that approved procedures are being followed. The data included in this section 
are based on practical experience and on the provisions of various recognized welding 
specifications. 

TEMPERATURE AND ATMOSPHERIC EFFECTS 

Discomfort of Welder 

The specifications require that no, welding be done when the ambient temperature is 
below 0 F. This provision is based largely on the assumption that welding done at low-
er temperatures would result in poor workmanship by reason of the inability of a weld-
er to function properly when he is very uncomfortable due to cold weather, or when 
his movements and dexterity would be impeded by bulky clothing. For similar reasons, 
welding is prohibited in locations exposed to high wind. Furthermore, the arc stability 
is affected adversely by high wind. In either case, however, welding can be done in a 
reliable manner when the welder is suitably clothed and protected. 

Temperature of Base Metal 

A further restriction in the specifications states that no welding shall be done when 
the temperature of the base metal is less than 10 F. This requirement is based mainly 
on the fact that more rapid cooling of the welded joint results when the base metal is 
cold. This matter is discussed more fully later in this 'section. 

Equipment 

When welding machines, are cold, the welding current output is higher than normal. 
Sometimes adjustments must be made during the warming-up period, because the re-
sistance to current flow increases with increasing temperatures. While machines are 
cold, the decreased resistance permits greater-than-normal flow of current. As the 
machines are used, the generated heat increases the resistance and causes a decrease 
in the output of welding current. Several adjustments to a cold machine may be re-
quired while it is warming up, to obtain a proper flow of current to suit the work and 
the electrode. 

Effect on Electrodes 

Electrodes are little affected by atmospheric temperatures, but they may be affect-
ed by atmospheric humidity. Their coatings may pick up moisture from the atmos- 

WJ 
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phere, and if such moisture is excessive, it will adversely affect the quality of the 
weld. 

When excessive moisture is present in the electrode coatings, the water is broken 
down into its components, hydrogen and oxygen, in the intensely hot arc. The hydro-
gen is then in an atomic form, and some of it will be readily absorbed in the hot molten 
metal and adjacent base metal. As the metal cools, most of the hydrogen escapes; but 
some of it may be retained in parts of the lattice structure of the steel, which may be-
come supersaturated with hydrogen, particularly when the cooling rate is relatively 
high. It is believed that upon further cooling, this hydrogen reverts to molecular hy-
drogen under extremely high pressure. Internal stresses resulting from transforma-
tion, superimposed on weld shrinkage stresses, combine to stress the metal further 
during the latter stages of cooling. Consequently, so-called "under bead cracking" 
may occur in the adjacent base metal or in the weld metal. Fractured surfaces of ten-
sion-test specimens exhibit small defects called "fish-eyes" at points where tiny hydro-
gen-filled voids existed. To preclude such cracking, which might cause initiation of 
fracture, specifications provide special requirements for storage of electrodes and for 
drying electrodes with low hydrogen coatings if they have been exposed to a humid at-
mosphere, as well as for rejecting electrodes that have been wet. These provisions 
are discussed later in this section. 

Effect of Applied Heat 

When steel is heated to high temperatures, as in welding, metallurgical changes oc-
cur in the weld metal and the heat-affected zones. These changes must be taken into 
consideration in setting up welding procedures. Welding involves the fusion of metals, 
which in the case of steel occurs at a temperature of about 2,800 F. The thermal cycle 
produces significant changes in the grain structure of the steel, and therefore in its 
strength, ductility, hardness, and other properties. 

Most structural steel materials are tougher at 120 F or somewhat higher than they 
are at 70 F, and a great deal tougher than they are at comparatively low outdoor winter 
temperatures. This is one reason for use of preheat when cold-forming or welding of 
steel is to be done. "Cold peening" should not be done at very low temperatures, but 
there is also a maximum temperature above which such peening can be detrimental. 
Research has shown that cold work, such as peening, done in the temperature range 
between 400 and 900 F (known as the blue brittle range), or even at somewhat lower 
temperatures, lowers the notch-toughness or true ductility of structural steel material 
quite drastically. Therefore, unless any necessary bending, forming, peening, or 
other working of steel is done at a forging temperature, these operations should be 
carried out at no higher than warm or moderately hot temperatures, say 200 F. 

When steel is heated to a stress -relieving temperature of about 1,100 to 1, 250 F, 
its ductility is increased and its yield point is decreased a good deal. If the steel ma-
terial is subjected to stress at such temperatures, plastic flow will occur. Therefore, 
residual stresses may be reduced greatly by thermal stress relief in a furnace. 

When a weidment is heated to such a stress -relieving temperature, the residual 
stresses may be reduced to an intensity of only 15 percent or less of their initial in-
tensity in the as-welded condition, depending on the temperature and how long the weld-
ment is held at that temperature. The longitudinal residual stresses due to welding 
may reach an intensity of about 50,000 psi. If the weldment is reheated to a uniform 
temperature of about 1,20.0 F, the yield point of the structural steel will be lowered to 
about 10,000 to 17,000 psi. Consequently, an original residual stress of 50,000 psi 
may be reduced quite rapidly to the yield point that corresponds to the temperature of 
1,200 F. Upon holding this temperature for one hour per inch of thickness (the usual 
requirement for stress relieving), the residual stress will be further reduced as a re-
suit of continued plastic flow, to perhaps 4,000 psi or less. To obtain full benefits 
from such a heat treatment, the assembly is allowed to cool slowly and uniformly in 
the furnace to about 600 F, or even as low as 200 F in the case of complex assemblies. 

As steel is heated further to temperatures above the stress -relieving range men-
tioned, various changes occur in its crystalline structure and its properties, depending 
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on its chemistry, the temperature to which it is heated, how long it is held at that 
temperature, whether or not it has received prior cold work, and how rapidly it is 
cooled after being heated. The behavior of ordinary carbon structural steel under 
such circumstances has been taken into consideration in determining the provisions for 
welding procedures that are prescribed in the specifications. If use is made of steel 
materials of higher carbon content or relatively high alloy contents, as compared with 
ordinary structural steel, supplemental specifications should be adopted to prescribe 
any necessary changes in the provisions for workmanship and welding procedures. 
Such revised provisions should be based on an adequate knowledge of the metallurgical 
behavior of the special steel material involved. It is beyond the scope of this report to 
present such information in detail; only a few general facts can be included in this dis-
cussion. 

When steel is heated above what is known as its critical or transformation temper-
ature, its grain size begins to enlarge, which results in a decrease in strength and 
ductility. The exact transformation temperature of the steel depends on its chemistry. 
For ordinary structural steel it is in the vicinity of 1,600 F. The degree of grain size 
enlargement depends on the temperature to which the steel has been heated, and how 
long it is before the steel cools again down through the transformation temperature. 
During welding, the steel reaches a temperature of 2,800 F or higher. Therefore, 
there is an opportunity for enlargement of grain size. 

A single-pass weld, such as a fillet weld, has a cast structure with relatively large 
grain size. However, it possesses good mechanical properties, due largely to the fact 
that the carbon content of the weld metal is quite low and it is a highly refined metal 
when welding is done properly. In multiple-pass welds made without excessive thick-
ness of layers, the deposition of each succeeding pass reheats the previous pass or 
layer of weld metal and thus improves its ductility. 

Effect of Ra'ce of Cooling 

The rate at which a weld or a piece of steel is cooled exerts an important influence 
on its strength, hardness, ductility, and other properties. In practice, one need not 
be concerned about too slow a rate of cooling in a welded joint, but if a welded joint 
cools too rapidly, the material thay become relatively hard and brittle. Under these 
circumstances metal may crack under the forces exerted by the weld shrinkage, es-
pecially if the joint is subjected to severe restraint against shrinkage. 

When a piece of steel is heated to a high temperature and is then immersed in water 
or oil, or is sprayed with water, to rapidly reduce its temperature, it is said to be 
"quenched." When the base metal or parts of a jig adjacent to a welded joint are very 
cold, they can cause a somewhat similar quenching action. Consequently, the mate-
rial of the joint hardens or tends to harden to a degree that depends on its carbon and 
alloy content, and on the severity of the quenching. 

A slower rate of cooling provides good strength and suitable grain structure without 
excessive hardening. For example, if a piece of structural steel or a steel forging or 
casting is heated to just above its transformation temperature and is held at that tem-
perature for a while and then allowed to cool in still air, it develops such desirable 
properties and is said to be in the "normalized" condition. 

Plates and rolled shapes are sometimes specified to be supplied in the normalized 
condition, but this is seldom done for bridge or structural work. However, the rate 
of cooling involved in the finishing operations in the steel mill is such as to result in 
excellent properties for such structural steel material. Weidments are seldom given 
such a normalizing treatment because it is not necessary, in the case of bridge struc-
tures, and when an assembly is raised to the normalizing temperature the yield point 
of the steel becomes so low that it becomes most difficult to maintain the original 
geometry or shape of the structure and avoid serious distortion. 

A heat treatment similar to normalizing is actually accomplished to some degree 
during most welding operations. The weld metal and adjacent base metal are heated 
well above the transformation temperature during welding, and in most cases the metal 
cools at a moderate rate. Even in the case of the first bead of a multiple-layer weld 
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deposited on cold thick material, and thus chilled rapidly, the bead or layer is reheat-
ed by the deposition of the next layer of welding as has been mentioned previously. 
Following this, the reheated metal will cool at only a moderately rapid rate, resulting 
in virtually a "normalized" structure. As has been indicated, the thickness of each 
layer is important—in the case of manual welding it should not be greater than 1/8  in. 
Otherwise, the entire thickness of the layer will not be reheated sufficiently by the sub-
sequent welding to bring it up to a normalizing temperature. 

Influence of Carbon Content 

As has been indicated, the chemistry of the steel, especially-the carbon content, 
will determine the amount of undesirable hardening that may occur as a result of very 
rapid cooling or quenching from a temperature above the transformation range of the 
steel material. The greater the carbon content, the higher will be the hardness. The 
tensile strength of steel is roughly a function of its hardness. In the case of structural 
steel the strength may be expressed roughly as 500 times the Brinell hardness number. 
Increased hardness tends to make the steel less ductile and more brittle, especially 
when cooled at the rapid rates involved in making small weld passes on heavy material. 
Therefore, there is a limit to the permissible carbon content for a structural steel 
material to be welded. 

In the structural steel plate material of Specification ASTM-A373, carbon is limited 
to a maximum of 0. 25 to 0. 27 percent by ladle analysis (0. 29 to 0. 31 by check analysis), 
depending on the thickness of the material. The high side of this range verges on the 
point where practical limits are reached for welds of characteristics that are suitable 
for structural work. Because the economy of steel production makes it necessary to 
increase the carbon content somewhat as thickness increases, in order to meet strength 
requirements, and because welds on thick material cool faster than welds on thin ma-
terial after welding, some means must be provided to insure that the weld and heat-
affected zone hardnesses do not exceed reasonable limits (such as 200 Brinell); also 
that the welded joint will not tend to develop shrinkage cracks. This is why preheat is 
required, or the use of low-hydrogen electrodes, for the welding of relatively thick 
material. 

Practical means are available for reducing hardness when it becomes necessary to 
do so. The rate of cooling after welding may be retarded-by the use of preheating, or 
after welding the work may be given a so-called stress-relief heat treatment in a fur-
nace. Although stress relieving at 1,100 to 1,200 F will reduce any excessive hard-
ness to acceptable levels, it is not usually practical to provide such heat treatment for 
bridge structures or their members. Further, such subsequent heat treatment will 
not remove shrinkage cracks that may have occurred during rapid cooling of welded 
joints. The most practical method for preventing excessive hardness and shrinkage 
cracks is to use preheat, when excessive cooling rates would otherwise occur. 

Preheating 

The heating of materials both prior to and during the welding operation reduces the 
rate of cooling, with the result that hard- 
ness can be controlled at an acceptable 
level. Table 1 gives widely accepted re- 	

TABLE 1 

PREHEAT AND INTERPASS TEMPERATURE 
quirements for preheat and interpass REQUIREMENTS, MILD STRUCTURAL STEEL 

temperatures for welding ASTM A-373 
structural steel material of various thick- 	

Member 	Mm. Preheat and Interpass Temp. (F) 

nesses. 
Other structural steel materials (such 

as A7 steel) may have higher carbon con-
tents than those required for specification 
A-373. In that event it may be necessary 
to use higher preheat and interpass tem-
peratures, depending on their carbon con-
tent and also on their thickness. Suggested 

Type Thickness Using E-6015 Using All Other 

(in.) and E-6016 E-60 Clans 
Electrode Electrodes 

Plate 0 to 1 None None 
1+ to 2 None' 200 
2+ to 4 100 300 

Shapes 0 to Y. None None 
and bars 	f,+to I None' 100 

Over 1 None' 200 

'No welding shall be done when bane metal temperature is 
below 10 F. 
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TABLE 2 	 requirements for such steel of higher car- 
SUGGESTED MINIMUM PREHEAT AND INTERPASS 	bon content based on check analysis are 

TEMPERATURE REQUIREMENTS FOR PLATE, SHAPES 
OR BARS OF 0.31 TO 0.35 PERCENT CARBON BY 	given in Table 2. 

CRECK ANALYSIS 	 Preheating and control of interpass 
Metal 

Thickness 
at Point of 

Welding 

Minimum Preheat and Interpass Temp. (F) 	temperature consists of raising the tern-, 

When Using When Using Electrodes 	perature of the work, and maintaining this 
EXXI5 or EXX16 	Other Than 	 temperature high enough so that during 

Electrodes 	Low-Hydrogen Type 	 +i.., 

0 to Y. 
Y, to 1 
1 to 2 

does not occur. 
lowing methods: 

VYCflLMI5 IJ1JCS aLnt,sI L.IIC L4CIJOLL.CLA VS C,L'.A 

10 	 100 	 metal and the heat-affected zones of the 
100 	 300 	base metal will cool at a sufficiently slow 

rate to insure that excessive hardening 
This may be accomplished in a satisfactory manner by any of the fol- 

Placing the work in a furnace and raising the entire mass up to the desired tem-
perature. This is seldom done in structural or bridge work. 

Raising the temperature of a band of metal 6- to 12-in, wide on each side of the 
joint to the desired temperature by heating with gas flames, induction heating, or other 
means. 

Raising the temperature of a band of metal about 6-, to 12-in, wide and about 2 ft 
long on each side of the joint, and then welding by following a cascading or block se-
quence, so that each of one or more preceding passes will be covered immediately by 
the deposition of the hot weld metal of a subsequent pass, thus building up and main-
taining enough heat at each point to prevent an excessive rate of cooling. 

Measurement of temperature may be done easily by means of temperature-indicat-
ing crayons or pellets which will melt at a known temperature. In the case of welded 
bridges and buildings, a high degree of accuracy is not required. If temperature must 
be determined roughly in the field and no facilities for doing so are available, the in-
formation given in Table 3 should be helpful. 

Immediate Post-Heating 

Another method of preventing excessive cooling rates in a welding joint is the ap-
plication of post-heating immediately following the welding, before the joint has cooled 
very much. This is usually more costly and less convenient than preheating. Research 
has indicated that preheating is at least equally effective, and apparently somewhat 
more reliable than post-heating, for preventing cracking or loss of notch-toughness 
due to excessive cooling rates. Therefore post-heating is not used much in structural 
work. 

Stress-Relief Heat Treatment 

Stress-relief heat treatment-is seldom required for structural weldments. How-
ever, the specifications make provisions for such stress relief when required by the 
contract plans or specifications. Large welded pedestals, bearing shoes, and rockers 
for piers and abutments may require stress relief to provide dimensional stability 
during and after machinmg. The temperature of the assembly should be maintained 
uniformly throughout the furnace during heating and cooling, so that no two points on 
the assembly will differ by more than 100 F at any time. After a mean temperature 
range between 1,100 and 1,200 F has been reached, the temperature of the assembly 
is held within that range for 1 hour per inch of thickness of the thickest part. When 
the assembly has cooled to 600 F, it may 
be removed from the furnace and allowed 	 TABLE 3 

to cool in still air, unless cooling in the 	 GUIDES FOR ROUGH DETERMINATION OF 

furnace to a lower temperature is re- 	 TEMPERATURES IN THE FIELD 

quired to prevent distortion. 	 Temperature (F) 	 Guide 

Under certain circumstances the at- 	 140 	The bare hand may be held in firm contact 

tainment of a temperature of 1,100 to , 	 212 	 tr
0f lOsec. 

will boil. 
1,200 F 'may be impractical. Although no 	400 	Soft wood will char. 
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TABLE 4 
	

TABLE 5 

HOLDING TIME FOR STRESS-RELIEVING OF 
	 SPECIFIED CHEMISTRY OF ASTM-373 PLATE MATERIAL 

WELDED VESSELS 

Metal Temperature Holding Time 
(F) (hr/in.)' 

1,100 1 
1,050 2 
1,000 3 

950 5 
900 10 

'Hours per inch of thickness 

Thickness 	
Ailowable Percentage 

	

(in.) C' Mn 	 Si 	P' S' Cu' 

0 to 'a 	0.26 	- 	 - 	0.04 0.05 0.20 
'/,+to 1 	0.25 0.50 to 0.90 	- 	0.04 0.05 0.20 
1+ to 2 	0.26 0.50 to 0.90 0.15 to 0.30 0.04 0.05 0.20 
2+to4 	0.27 0.50to0.90 0.15to0.30 0.04 0.05 0.20 

'Maximum. 	'Minimum, when specified 

alternative provisions are specifically provided by the bridge specifications, the engi-
neer may deem it advisable to permit the stress relieving to be done at a lower tem-
perature with an appropriate increase in the holding time per inch of thickness. The 
time-temperature relationships shown in Table 4 are acceptable under the ASME 
Boiler and Pressure Vessel Code as providing adequate relief of stress. 

BASE METAL 

ASTM Specification A-373 is coming into extensive use for the base metal of new 
bridges. The chemistry of this steel has been developed to assure good weldability 
and improved notch-toughness, chiefly by limiting the carbon content below reasonable 
limits and by prescribing ranges of manganese content that will result in relatively 
high manganese-to-carbon ratio. 

The chemistry specified for plate material is given in Table 5. The values shown 
are those for ladle analysis. Values for check analysis are permitted to depart a few 
hundredths of apercent from those prescribed for ladle analysis, for example, 0. 04 per-
cent in the case of carbon and manganese, but only 0. 01 percent in the case of sulphur. 

The maximum carbon content (ladle analysis) for shapes and bars is specified as 
0. 28 percent. The manganese range of 0. 50 to 0. 90 percent is specified only for bars 
over 1 in. thick and for certain series of wide-flange shapes involving quite thick ma-
terial. Base metal for minor parts not over 1 in. thick may be A-? steel. 

FILLER METAL FOR MANUAL WELDING 

Classification 

Electrodes for manual welding are divided into classes in the ASTM-AWS "Tentative 
Specifications for Mild Steel Arc-Welding Electrodes." Each manufacturer must state 
the classification into which each of his electrode types falls. This has considerably 
simplified the choice of electrodes for various uses, as the classification numbering 
system for these mild steel electrodes is quite simple. The first two numbers refer 
to tensile strength, the second two refer to usability. Thus, electrode classification 
number E-6010 can be broken down into its components, with significance as follows: 
E refers to electric arc-welding, 60 refers to a minimum tensile strength of 60,000 psi 
for the deposited weld metal, and 10 refers to the type of coating and resulting usability. 

The tensile strength of the deposited weld metal varies in different covered elec-
trode classifications from 60,000 psi minimum to 120,000 psi and even higher. For 
the welding of structural carbon steel for bridges, however, E-60XX electrodes and 
the E-70XX classifications of mild steel are-welding electrodes are commonly accept-
ed as providing sufficient tensile strength and ductility to meet the requirements of 
full-strength joint development. Within this group, some electrodes are more suitable 
than others. A comparison is given in Table 6. 

Current Ranges 

Suitable ranges of welding current vary with the type of electrodes, the diameter of 
the core wire, the position of welding, the thickness of material, and other joint char-
acteristics. Too low a current may cause poor fusion and inadequate penetration, gas 
and slag inclusions, and poor appearance of weld surface. Too high a current may 
cause excessive spatter, undercut, overlap, excessive penetration, or melting through 
the base metal at the root of the joint. It may also cause localized distortion. Welding 
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TABLE 6 

CHARACTERISTICS OF COVERED ELECTRODES FOR ARC-WELDING OF MILD STEEL 

Class 	 General Type 	 Welding 	 Type of 	 Quality of 
of Coatine 	 Position 	 Current1 	 Weld Metal 

E-6010 High cellulosesodium All DCRP High 
E-6011 High cellulose potassium All AC or DCRP High 
E-6012 High titania sodium All DCSP or AC Med-high 
E-6013 High titania potassium All AC or DCSP Med-high 
E-6014, E-7014 Iron powder, high titania All AC or DC Med-high 
E-6015, E-7015 Low-hydrogen sodium All DCRP Excellent 
E-6016, E-7016 Low-hydrogen potassium All AC or DCRP Excellent 
E-6018, E-7018 Iron powder, low-hydrogen All AC or DCRP Excellent 

E-6020 High iron oxide, sodium { 
H-fillets AC or DCSP 

} Excellent 

E-6024, E-7024 Iron powder, titania H-fillets and flat AC or DC Med-high 

E-6027 Iron powder, iron oxide { 
H-fillets 

Flat 
AC or DCSP 

} AC or DC Excellent 

E-6028, E-7028 Iron powder, low-hydrogen H-fillets and flat AC or DCRP Excellent 
E-6030 High iron oxide Flat AC or DC Excellent 

1Electrodes useable with AC are usually usable on DC also 

machine settings can usually byused only as a rather rough guide, unless they have 
been calibrated or allowances made for variations in characteristics and length of weld-
ing cable leads, and even then imperfect connections or splices can exert an important 
influence. An experienced welder can readily adjust a welding machine to produce the 
proper output of current at the arc, because while he is welding he can tell whether the 
current is proper. Preferably, a welding inspector should be able to judge welding 
conditions in a similar manner. However, if he lacks this experience, the welding cur-
rent ranges given in Table 7 may be used as a guide as to whether the actual welding 
current, as measured by means of an ammeter or tong meter, is suitable. 

Arc Voltage 

Arc voltage is related directly to arc length, which must be controlled within rela-
tively narrow limits. Excessive are length should always be avoided. This is partic-
ularly so, however, in the use of low-hydrogen electrodes, where the arc must be 
maintained at the shortest possible length without actually dipping the end of the elec-
trode into the molten pool. Longer arc length can result in gross porosity. 

Electrode Storage and Drying 

As indicated previously, excessive moisture in the coatings on the electrodes will 
adversely affect the quality of the weld, because of the hydrogen that is derived from 
this moisture during welding. 	The moisture in the coatings may be present by reason 
of absorption from the atmosphere or by combination as water of crystallization in the 
constituents of the coating. 	If electrodes are not properly baked, moisture could be 
present as a residual after manufacturing. However, reliable producers of electrodes 
bake them after extrusion, generally at the maximum temperature which the coating 
will withstand without risk of causing TABLE 7 

damage or deterioration. 	The electrodes ELECTRODE SIZE AND CuRRENT RANGE1  

are then packages in containers which pro- 
vide at least some protection from ab- 
sorption of moisture from the air. 	How- 

I Current Range (amp) 
Electrode 	yn 	5/,in 	3/.-in. 	4-ta Type 	Electrode Electrode Electrode Electrode 

ever, packaged electrodes should be E-6010, E-6011 	90-120 	120-160 	140-200 	225-300 

stored in a dry warm room and loose 
electrodes should be stored in drying 

E-6012 	 90-130 	120-180 	150-240 	240-350 
E-6013 70-120 	120-170 	150-230 	240-340 
E-6014, E-7014 	100-140 	140-190 	180-260 	300-400 

bins, which should be kept at a tempera- 
ture of not less than 140 F. 

E-6015, E7015, 	90-140 	120-195 	170-245 	260-350 
E-6016, E-7016 
E-6018, E-7018 	110-175 	130-220 	170-275 	300-400 

Low-hydrogen electrodes are so called 
because the coverings of such electrodes 

E-6020, E6030 	100-150 	130-190 	180-280 	300-360 
E-6024 	120-200 	180-240 	240-300 	330-400 
E-7024 	120-160 	.180-225 	240-275 	310-400 

are low in hydrogen-producing constitu- 
ents, and special precautions are taken 
in manufacturing and packaging these 

E6027 	130210 	200275 	250325 	350450 
E-6028, E-7028 	140-190 	190-240 	250-280 	310-425 

1Flat position welding will permit maximum current values. 
On the average, vertical welding utilizes 80 percent and over- 

electrodes to maintain a low content of head welding about 90 percent of the currents employed in the 
flat position under similar conditions. 
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free and combined moisture. If such electrodes absorb any appreciable amount of 
moisture from the atmosphere, they no longer function as low-hydrogen electrodes. 
If such electrodes are left exposed to the atmosphere for more than 4 hours, or for 
more than 1 hour when the relative humidity is 75 percent or greater, the electrodes 
must be dried by heating to a temperature between 300 and 400 F for at least 2 hours, 
to insure their proper functioning. Electrodes that have become wet are not permitted 
to be used for welding. 

ELECTRODES AND FLUX FOR SUBMERGED ARC WELDING 

Physical Characteristics of Weld Metal 

The mechanical properties for weld metal of a multiple-pass weld made by the sub-
merged-arc welding process are required by the specifications to be as follows: 

Tensile strength 	 62,000 to 80,000 psi 
Yield point, mm. 	 45,000 psi 
Elongation in 2 in., mm. 	25 percent 
Reduction of area, mm. 	40 percent 

Any combination of available fluxes and bare wires may be used in fabrication, pro-
vided they are capable of producing weld metal that meets these characteristics. When 
required by the engineer, this capability and the capability to produce satisfactory 
welded joints must be demonstrated by the standard method of procedure qualification. 

Condition of Flux and Base Metal 

Flux that is contaminated with dirt, mill scale, or other foreign material, and flux 
which has been fused during previous welding operations, should not be used. The 
quality of submerged-are weld metal is considered to be comparable to that obtained 
by the use of low-hydrogen electrodes, providing no moisture is present in the flux or 
on the work while the welding is being done. Therefore, packaged flux must be stored 
in a warm dry room and loose flux stored in open containers should be subjected to the 
same drying conditions as those prescribed for low-hydrogen electrodes. 

Sometimes it is necessary to run a heating torch ahead of the welding head to drive 
moisture out of a joint that is being welded, especially when the humidity is high or the 
prepared joint has been wet. 

DETAILS OF PROCEDURES AND QUALIFICATION OF SPECIAL PROCEDURES 

As indicated in Chapter IV, various provisions of the AWS bridge specifications are 
considered to constitute a prequalified welding procedure or group of such procedures, 
and under most circumstances no procedure qualification tests are required for manual 
welding. In the case of submerged-arc welding, as has been indicatel, the engineer 
may call for tests or demonstrations of the kind that have been mentioned. 

Some features of the prequalified procedures may be changed with the approval of 
the engineer if the contractor is willing to verify the adequacy of the proposed revised 
procedures by making standard qualification tests. Also, it is possible that some part 
of a project may involve unusual features, or a change in plans may introduce such 
features as would make it advisable for procedure qualification to be required by spe-
cial provisions of the specifications. Therefore, some of the variables or features of 
welding procedures that may be subject to change under these conditions are discussed 
herein. When procedure qualification tests are made, they must be carried out for 
each position of welding in which it is proposed to use such modified procedures as 
have been mentioned. 

Some provisions of the specifications cannot be altered under any circumstances; 
others can be changed if the acceptability of such changes is established by special 
procedure qualification. 

First, several items of welding procedures will be discussed which seem to be sub-
ject to alteratjon when the acceptability of such changes is demonstrated by qualifica-
tion tests. Further on, a number of items will be discussed which would surely not 
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be subject to change under any circumstances because of their nature. 
If it is proposed to use somewhat larger sizes of electrodes than those permitted by 

the specifications, the engineer might permit such change to be made subject to proce-
cure qualification tests to verify that sound and adequate welds can be made with the 
larger electrodes, at least for some particular application. In such a case, the engi-
neer might appropriately require some kind of demonstration that the welders to be em-
ployed with this procedure can make good welds with the proposed larger electrodes. 

Because details of groove design or preparation of edges for groove welds are con-
sidered as a part of a complete welding procedure, changes in these details may be 
permitted by the engineer if verified by welding procedure qualification tests. This is 
implied in most specifications. Without special qualification, the details could be var-
ied only within the limits indicated in the specifications. 

Experience has shown that when the included angles, root faces and root openings 
fall within the limits shown on the standardized details and described in the specifica-
tions, it is possible to make sound welds with adequate penetration and fusion when 
other requirements of the specifications are followed. If it is proposed to alter the di-
mensions of the grooves beyond the prescribed limits, the contractor is required to 
prove that his proposed revised procedure will result in sound welds. 

Limitation on Weld Metal Deposition 

The maximum size of fillet welds to be made in one pass and the maximum thickness 
of layers for both fillet and groove welds, are established by the specifications as part 
of the standardized welding procedure to provide good weld quality and to prevent the 
making of comparatively deep and narrow weld deposits that might have a tendency to 
develop "ingot-type" cracks during cooling. These provisions are tempered somewhat 
by the necessity of permitting greater thicknesses for root passes to insure proper 
penetration, to prevent cracking, and to avoid difficulty of manipulating the electrode. 

Any proposed departure from these provisions would have to be established by pro-
cedure qualification. One of the considerations involved in prescribing maximum thick-
nesses of layers is the general quality of the weld metal and its susceptibility of being 
refined by the heat from subsequent passes, apart from the consideration of avoiding 
such thick layers as might involve a tendency toward the inclusion of slag or the en-
trapment of gas. Therefore, before having any proposed changes of this kind qualified 
by procedure qualification tests, the inspector should check with the engineer to make 
sure that the changes when qualified will be acceptable from general considerations. 

It is recommended that the width of any weld bead deposited in the flat or overhead 
position should not exceed a width equal to 3 2  core-wire diameters. Because of the 
nature of the manipulation in vertical and horizontal position welding, there is no need 
for establishing a limit to the width of weaving for these positions. 

Procedures for Submerged Arc Welding 

Some of the standardized groove details for submerged arc welding as shown in var-
ious specifications involve relatively wide root faces and no root openings. In these 
cases it is especially important that other parts of the welding procedure, such as type 
of electrode and flux, welding current, voltage, and travel speed, be controlled in a 
manner that will insure a specific root penetration. 

Specifications usually require that each fabricator must establish that the procedures 
he uses for such joints will attain the required root penetration. For this purpose, 
sample joints with cross-sections similar to the joints contemplated for construction 
must be made, and a macro-etched cross-section of the partially welded or completely 
welded joint prepared for examination to verify the root penetration. Sometimes evi-
dence on record is accepted in lieu of this demonstration. 

For any joint that is to be made by submerged-are welding, it is desirable that 
some kind of a demonstration of evidence be provided to establish the adequacy of the 
welding procedure to meet the following requirements: neither the depth nor the max-
imum width of the cross-section of the weld metal at any point in a single-pass weld 
or in a weld pass may exceed the width of the face of the weld or weld pass. Each 
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pass must have complete fusion with the adjacent base metal and weld metal, without 
overlap or undue undercutting. 

To meet these requirements, it is sometimes required that the maximum welding 
current to be used for any pass that has fusion to both faces of a welding groove shall 
be 600 amp, except that a pass at the surface of the base metal may be made with a 
higher welding current. The purpose of these provisions is to avoid cracking in a sin-
gle pass of weld metal. It has been shown by test that subsurface cracks may result 
if the depth of the cross-section of a pass of weld metal is greater than the width of 
this pass at the surface. Experience has shown that if the first pass of any multi-
layer weld in a butt joint is made using a current greater than 10 times the groove an-
gle (600 amp for 60-deg V-groove weld) cracking may result. It has also been found 
that subsequent intermediate passes may be made at higher currents up to about 750 
amp, which is usually the limit for each pass when two or more passes per layer are 
used to cover the full width of groove. A pass at the surface of a groove may be made 
at higher currents without involving danger of such cracking as has been mentioned. 

TI the same rule is applied to the case of a 90 deg fillet weld, the current for making 
a first pass of such a fillet weld by submerged-arc welding should also be restricted 
to 10 times the groove angle; that is, 900 amp. However, if the stem of a T-joint is 
chamfered and deep penetration is attained, the effective groove angle would be less 
than 90 deg and the welding current should be reduced accordingly for such a first pass. 

When the welding current, are voltage, and speed of travel are established by mak-
ing sample joints and examining them as has been described, or when they are estab-
lished by standard qualification tests, they should be kept within the following specified 
limits of variation: 

Welding current 	10 percent 
Arc voltage 	7 percent 
Speed of travel 	10 percent 

For submerged-arc welding, the thickness of layers, except root and surface layers 
or beads, is properly limited to a maximum of Y4  in. A multiple-pass split-layer tech-
nique is required for the first layer of a groove weld when the width of the root exceeds 
Ya in., also for any layer made subsequent to the first layer when the width of such 
subsequent layer exceeds /8 in. In the standardized groove-weld details, the optional •  
use of manual shielded metal-arc welding is specifically indicated for the backing welds 
of certain types of joints that would be completed by submerged-arc welding. 

It has been found by experience that any portion of a welded joint, including the root 
pass, may be welded by manual shielded metal-arc welding using low-hydrogen mild 
steel electrodes, and other parts of the joint welded by the submerged-arc process, 
with acceptable results. In some cases it may be necessary to use manual welding in 
parts of such joints (for example, when fit-up is not sufficiently close to permit the 
use of submerged-arc welding for a root pass); also, when spacer bars, are provided, 
as shown in some of the standard details, part of the welding in the root of the joint 
may have to be done by the manual shielded metal-arc welding process. 

Inalterable Provisions of the Specifications 

It is obvious that because of their very nature some provisions of specifications 
which might be considered part of welding procedures should not be altered. For ex-
ample, cleaning of previously deposited layers, as well as any necessary cleaning of 
base metal adjacent to welded joints, should always be done to remove any material 
that might adversely affect the quality of the welding. Experience has shown that if 
all traces of slag are not removed from a previously deposited layer before the next 
successive bead is applied, slag may be trapped in the weld. Likewise, experience 
has demonstrated the advisability of gouging the root of a weld from the second side of 
the groove, to assure full fusion into sound weld metal of the first side that was welded. 

As has been indicated, where metallurgical considerations are involved in prescrib-
ing specification requirements for welding procedures there may be cases where such 
provisions should not be altered even though procedure qualification tests indicate that 
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sound welds without obvious defects can be made.by  a proposed revised procedure. 
Provisions of the specifications which have resulted from design considerations 

would surely not be subjec.t to change by means of procedure qualifications, as indicat- 
ed in the following section. 	 '. 

Design Considerations for Welded Joints 

Under no circumstances should groove welds be used that are not fully welded 
throughout their full cross-section. This is because it' is known that high concentra-
tions of stress occur at interior voids; even though a butt joint, for example, is not 
stressed sufficiently to utilize the full allowable strength of a complete penetration 
weld, such stress concentrations may be high enough to 'make the behavior of an in-
complete penetration joint unpredictable. 

For the same reason, groove welds made by welding entirely from one side are not 
usually permitted in bridge construction unless the welding is completely fused to a 
backing material of the same kind as the base metal, or when they are used in non- - 
stress carrying members. Even in the latter case, the preparation of the joint and 
the welding technique must be such as to provide substantially complete penetration. 
If it is proposed to make a complete penetration weld using a backing material other 
than the specified base metal, this can be done if the joint welding procedure is quali-
fied as provided in the specifications. 

Intermittent groove welds should not be permitted for bridge construction because 
of the stress concentrations that occur at the ends of their increments and because ex-
perience has shown that it is difficult to control the making of intermittent groove 
welds in such a manner, as to preclude serious defects. 

Some welding engineers do not favor the use of intermittent fillet welds on members 
carrying calculated stress. This would seem to bar their use almost entirely from 
bridge structures.  

Edge or corner joints made with bead welds should be prohibited unless they are 
used for sealing purposes only, and even in such cases they should be used with ex-' 
treme caution. Even though such a joint may not carry any calculated stress, it may 
actually be located in such a position as to participate in stress, either longitudinally 
or transversely. If such stressing starts a crack, its direction of propagation is dif-
ficult to predict. 

The specifications prescribe a minimum size of fillet weld that can be used on any 
given thickness of material. Although these provisions are based partly on the fact 
that a small fillet weld deposited on very heavy material will cool very rapidly and may 
crack during cooling, there are also design considerations involved. In the same way 
that there is a minimum size of rivet that could reasonably be expected to function prop-
erly in material of a given thickness, there is likewise a minimum size of fillet weld 
that could be expected to function properly and transfer stress without unduly high 
stress concentrations. 

The AWS bridge specifications provide that in a joint which involves only fillet welds 
(rather than a combination of fillet and groove welds) the minimum size of fillet weld 
to be used on any thickness of material shall be as shown in Table 8, except that the 
fillet weld size need not exceed the thickness of the thinner part joined unless a larger 
size is required by calculated stress. 

It is important to realize that when the 
minimum size of fillet weld for a given 	 TABLE 8 

thickness of material is large enough that 	MINIMUM ALLOWABLE FILLET WELD, SIZE FOR 

it must be deposited in more than one 	
______ VARIOUS BASE METAL THICKNESSES 

 

pass, it may be necessary to use a cas- 	Material Thickness (in.) Minimum Size of Fillet Weld (in.) 

cade type of build-up sequence in deposit- 	To Y8, mci. 	 Y. 
ing the weld to prevent the root pass from 	Over Y to 8/4 

	 Y. 
cracking before subsequent passes are 	 Over '/e to I) 

deposited. 	 Over 1Y2  to 2)'. 

The restriction on the maximum size 	Over 2Y4  to 6 

of fillet weld that may be used along the 	 Over 6 	 '/. 
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edge of material thicker than Y4  in. is based mainly on the difficulty, from a practical 
viewpoint, of depositing a fillet weld along such an edge which will actually, have an ef-
fective size equal to the thickness of the material. When a fillet weld equal in size to 
the thickness of the material is used along such an edge of material thicker than Y. in., 
a special technique is required by the specifications to insure that the effective size of 
the fillet weld is equal to the thickness of the material. 

The specifications contain special provisions under which butt welds in parts of 
equal thickness may be computed for the maximum allowable basic unit stresses, even 
under severe fatigue loading. Although comparatively minor surface irregularities 
and internal defects, such as entrapped slag and gas pockets, are known to reduce fa-
tigue resistance somewhat, their effect on strength under substantially static loading 
is of little if any consequence. When butt welds are finished smooth and flush with the 
base material on all surfaces—and in the case of tension elements over 1 in. thick ra-
diographic inspection is provided to establish the soundness of the weld—such butt 
welds, even when subjected to severe fatigue, are accorded the allowable basic unit 
stresses. The excess weld metal or convexity at the surface of the joint may not be 
removed by chipping unless the chipping is followed by grinding in the direction of ap-
plied stress, to produce a smooth surface free from depressions and flush with the 
base metal. 

Another commonly specified requirement, which has resulted from design consid-
erations and distribution of stress, is the provision that the minimum effective length 
of a fillet weld shall be four times its size, but not less than l'/, in. Shorter lengths 
of fillet welds are not permitted under any circumstances. 

Likewise, a provision for making a gradual transition between two parts of a butt 
joint of unequal thickness (usually required to be at a slope of not less than 1 in 2'/2), 
and the requirement that extension or run-off bars be used for the start and completion 
of butt welds which are free at each end, are made in consideration of the fact that the 
resistance of a member in a dynamically loaded structure is reduced more severely 
than in a statically loaded structure by abrupt changes in section and even by minor de-
fects at the surface and 'edges of such members. Provisions of this kind should not be 
altered under any circumstances. 



Chapter VII 

Methods and Devices for Fitting, Shop 
Assembly, and Field Erection 

As fabricators and builders of various kinds of welded structures and large assem-
blies have become well-experienced in the use of welding, they have developed methods 
of fitting and holding parts in proper position.and alignment which do not require the 
punching and drilling of holes in main material for assembly or erection bolts. Apart. 
from the desirability of eliminating such holes for technical reasons, devices that do 
not require them can often be used without increasing the cost of the work and some-
times fabricating and erection costs, as well as time, can actually be saved by such 
devices. Sometimes holes have been shown on shop drawings for erection bolts and 
have been used for a while. Then, with experience, fitters have developed easier and 
quicker methods, with the results that even when the holes were provided they were 
not used. 	 - 

The variety of special fitting devices that have been developed and used for welded 
structures has been limited only by the ingenuity and imagination of the fitters doing 
this work. Many of these devices have been found to be suitable for various conditions 
and have come into more or less standardized use. Others have been developed for 
some particular operation and find little use otherwise. Quite often a workman or a 
foreman takes a good deal of pride in developing some device of this kind and takes a 
speêial interest in making it work efficiently, whereas someone else may feel that its 
use is not the best solution, possibly because he did not think of it himself. 

The contractor is responsible for the results obtained by employing such devices to 
provide and maintain proper fitting, position and alignment, and to safely support the 
work. For this reason, and because of such individual preferences of workmen as have 
been mentioned, development of suitable and efficient jigs, fixtures and fitting devices 
is properly a function of the contractor. The inspector should not attempt to dictate 
use of any particular types of such devices or impose arbitrary requirements for their 
use. 

Nevertheless, the inspector should have the privilege of reviewing the methods pro-
posed by the contractor to make sure that they will not prevent adequate fulfillment of 
the requirements of the approved welding procedures and sequences and requirements 
pertaining to quality of the workmanship. If the proposed methods will not accomplish 
this, the inspector will be in a position to offer practical constru'tive suggestions for 
accomplishing the intent of the specifications if he is familiar with the objectives in 
using such devices and how some of them function to attain these objectives. 

In addition to being adequate to bring parts into proper position and alignment and 
hold them securely, such devices should be required to be of a kind that will not im-
pose so much restraint against weld shrinkage that weld cracking might result. On the 
other hand, they may be required to provide a considerable amount of restraint in order 
to hold parts in proper position and prevent distortion. For example, a "dog" and 
wedge device (Fig. 2) can be made to exert a great deal of force normal to the surface 
of the plating that is to be dogged down to a welding floor or to some other support 
without exerting excessive restraint against a slight amount of movement in the direc-
tion parallel to the surface of the plating. 

For efficient use, such devices should preferably be quick-acting. Although devices 
using bolts, clamp screws, turnbuckles, and other threaded parts are useful and may 
provide the best solution in some cases, it takes more time to turn up a nut or screw 
than to drive a wedge or tapered pin or 
operate some device with a toggle action. 
In the shop, and perhaps in the field also, 	 Work piece7 	

Dog 

air or hydraulic jacks or pistons can be 	Welding floor 	/' 	Wedges 

used tobring parts rapidlly into correct 	" 111 

position. 	 Figure 2. 
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The inspector should provide assistance, 
encouragement and cooperation to an ap- 	JThis distance slightly 

I Liess than plate thickness. 
propriate extent 

 
in 	the devel- 	 Web of girder 	 Web of girder?  

opment of efficient jigs, fixtures, posi- 	. L_  
tioning and fitting devices in the shop and. 	 . 	 Tapered round 

in the field. Any method that will bring 	 e plate 	 drift pins 

parts together rapidly into proper position 	 . 	Figure 3. 
and hold them that way without interfer- 
ing with the welding operations, or which will quickly rotate parts in some kind of a 
shop positioner to provide the most efficient position for welding, will tend to make 
fitting and proper welding that much easier. Therefore, it will facilitate good work- 
manship. 	. 

When it is practicable to prefabricate with sufficient accuracy and provide positive 
stops orrigid points of contact in a jig against which the parts of the weidment can be 
brought to bear to get them into correct position and alignment, this arrangement is 
preferable to the use of methods that require adjusting devices. However, this may 
not be possible in erection and in the shop assembly of large weldments. Sometimes 
extra stock of material may have to be provided on some edges adjacent to the last 
joint to be welded so that after shrinkage from other prior welding has occurred, the 
edges can be trimmed for proper fitting. Also, adjustment for an accumulation of 
minor errors in fabrication sometimes may have to be made in a similar manner. 
Rolling mill tolerances in shapes may result in minor misalignment, for which com-
pensation must be made with the use of adjustable devices. 

When the fitting devices can be made comparatively few in number and simple in 
operation, they are less likely to interfere with welding operations or to restrict 
clearances for welding. Sometimes a device may be made to serve more than one 
purpose. For example, the slotted spacers and wedges or tapered pins shown in Fig-
ure 3 are used to align two plate edges at a butt joint, such as one in the web of a gird-
er, and at the same time they provide the proper spacing at the root of the groove 
while the parts are tack-welded together thus insuring correct root spacing after tack 

t I' 	20" 

Section Through Beam 

Figure l.  Frame used in welding girder (Tilted 35 deg from horizontal during welding). 
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'DETAIL I 	 ,. 	. 

Beam B has pldies welded on top flange. These catch on Beams A 

DETAIL 2 

Beath B rests on bracket plates which. are clamped to Beams A 

	

AL 	 A 

DETAIL 3 

Clamps (of several types) grip flange of both beams 

These are details which various contractors use for supporting the 
_b.eams during èrèctiôn of steel. There öre other methods in use. These 
supports must permit adjustment vertically so that beams of different 
depths may be asembIed with .a common center line. 

Figure 5. Deti1s ted by 'contractors for. supporting beams during erection. 
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Figure 6. Longitudinal adjutinent of girders. 

'" rod, threaded, 
2 nuts at each end 

Angles tack 
welded to beam 
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to align webs 
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Figure 7. Erection support for floating end of beam. 
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welding. However, these spacers must be driven out before the welding in the root of 
the groove is carried too close to them or they will be held so tightly by the weld shrink-
ge forces that they will have to be removed by oxygen cutting, or chipping.. Such re-

moval must be done carefully to prevent damage to the root and the walls of the groove, 
which would encourage the occurrence of weld defects. 

Figures 4, 5, 6, and 7 show a number of devices that have been used by contractors 
for welded bridge construction to facilitate proper fitting, assembly, and erection. 



Chapter VIII 

Welding Sequences 
The main objective of a welding sequence is to control distortion and to eliminate 

weld cracking bypreventing excessive restraint against weld shrinkage. The broad 
category known as welding sequence can be divided into two sub-classifications. One, 
called "build-up sequence" or "order of deposition," is used to designate the sequence 
in which various beads or layers of weld metal are deposited in a welded joint, includ-
ing such methods as back-stepping, skip welding, cascade welding, and block welding. 
The other is the sequence in which various welded joints in an assembly are to be made 
to balance the deposition of weld metal or to control the effects of weld shrinkage in 
other ways. 

Use of a proper build-up sequence will help to control distortion by distributing heat 
properly along a welded joint and by controlling the degree of concentration of heat. It 
will also influence the amount of restraint against weld shrinkage. The sequence in 
which various joints are welded will also influence the amount of restraint against 
shrinkage. Thus, the amount of expansion and contraction of weld metal and base met-
al may be controlled to some extent. 

Complete elimination of restraint against shrinkage is impossible. In many cases 
moderate restraint is used intentionally to control distortion and to maintain parts in 
correct shape and alignment. Often such moderate restraint is provided by using a 
welding sequence that will keep the weld shrinkage forces balanced; for example, by 
following a symmetrical system of depositing weld metal in the case of a symmetrical 
assembly. Use of a symmetrical sequence of deposition applies not only to a single 
joint but also to the sequence of depositing various joints in built-up sections and in a 
structure or welded assembly as a whole. 

To facilitate control of distortion, it is often possible in design to balance the 
amount of welding symmetrically about the neutral axis of a built-up member. If this 
is impossible, distortion sometimes may still be controlled quite well by adopting an 
asymmetrical order of deposition that will compensate. 

Residual stresses will be set up in steel material by any manufacturing or fabricat-
ing process, including the rolling of shapes and plates in a steel mill,1 which involves 
the heating of steel and its subsequent cooling under any conditions other than very 
slow cooling under controlled conditions. Therefore, it is impossible to weld a struc-
ture without creating residual stresses. The effects of various operations such as 
heating and cooling, and the effects of using various sequences of welding, exert com-
plex influences on residual stresses. However, they are usually of about yield point 
intensity in one direction. Because of the complexity of these effects and the virtual 
impossibility of controlling them in such a way as to predict their influence on residual 
stresses, any attempt to exercise such control is likely to produce unforeseen results. 
However, there seems to be little, if any, need for concern regarding the effects of 
residual stresses that remain in a structure after, it has cooled to ambient temperature. 
The effect of temporary shrinkage forces can be controlled in such a manner as to 
minimize distortion and prevent weld cracking. These objectives should be kept in 
mind. A subsequent discussion of control of distortion and correction of distortion 
presents some of the fundamental charac- 
teristics of expansion and contraction dur- 
ing welding or localized heating. These  
fundamental characteristics should be 	 10 
kept in mind during the planning of a weld- 	L 	 - 
ing sequence. 

BUILD-UP SEQUENCE 
I 	 Il® 

Various build-up sequences or orders 
of depositing weld beads and weld layers 
in a joint may be used to control distor- 	 Figure 8. Backstep sequence. 
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tion and prevent weld cracking. 	. 
A backstep sequence (Fig. 8) produces 	 r r r r r r 

u 	et 	
welded  

joint a 
 

pre- 
vent  an accumulation of shrinkage effects 	(0 	(0 (0 
as the welding progresses. When warp- 	 Figure 9. Cascade sequence. 
ing or buckling of relatively thin plating 
is likely to occur in the case of welding continuously in one direction, backstepping 
will often prevent such warping. Also, a welded joint made transversely across a 
member will have a tendency toward creating a small deflection in the member if weld-
ing is carried continuously in one direction. Backstepping will overcome this tendency. 
A good example is the backstepping of a vertical butt weld in the field splice of a weld-
ed beam, as indicated in Figure 8, depositing the first increment in the uppermost 
segment of the joint but actually welding in an upward direction, then progressing in a 
general direction downward along the length of the butt weld but depositing each incre-
ment with an upward direction of welding. This prevents creating a sagging deflection 
in the girder at the location of the web splice. 

A cascade build-up sequence is illustrated in Figure 9. The purpose of this se-
quence is to get a successive bead of weld metal deposited over a previously deposited 
bead, such as a root pass, before the previous pass has cooled very much. In making 
either butt welds or fillet welds in relatively thick material, especially when the base 
metal is comparatively cold, a root pass may crack if such a cascade sequence is not 
used. Under conditions of very severe restraint and rapid cooling due to cold temper-
ature of the base metal, it may be necessary to continue the use of a cascade build-up 
sequence until the weld has been completed to full size. 	- 

Most welding specifications include provisions for a minimum size of weld that can 
be used on any given thickness of material. This is required partly from the same 
considerations that prescribe the minimum size of rivet or bolt that can be used in a 
given thickness of material, simply because a smaller size would not provide suitable 
stress distribution and would be impractical. However, there is another important 
reason for specifying minimum sizes of welds for given thicknesses of material. This 
is to prevent the depositing of such a small bead of weld metal that it would cool too 
fast and its cross-sectional area would not be sufficient to resist shrinkage forces dur-
ing áooling. When the minimum size of fillet weld specified for a given thickness of 
material is governed entirely by this latter consideration, the same minimum size 
specified should applyequally well to the minimum size of root pass in a fillet weld 
unless a cascade build-up sequence is employed. With the exception of some cases of 
vertical welds, for which a larger size of fillet weld is permitted to be made in one 
pass, use of the cascade sequence will often be the correct answer for making multi-. 
pie-pass welds on thick material. 	 - 

A skip-welding or wandering sequence is one in which an increment of welding is 
deposited and then one or more segments of the length of the joint are skipped for the 
time being. Then another increment of welding is deposited and one or more segments 
or spaces skipped, etc. Later, after the first increment has cooled at least somewhat, 
another series of weld increments is deposited, either adjacent to the increments first 
deposited, or in case several spaces have been skipped, the increments of the second 
series may be deposited midway between the increments of the first series. This rou-
tine is continued until the entire length of the joint has been welded. The objective of 
this sequence is to keep the heat of welding distributed more uniformly along the length 
of the joint rather than let it become more concentrated as it would if the welding were 
done continuously and progressively along the length of the joint. This sequence is 

usually employed for the purpose of con- 
trolling distortion that would otherwise be 

Block 9 	Block 7 	Block 6 	Block 8 I 	, 	I 	sufficient to be objectionable. In usmg 
this sequence for making a multiple-pass 
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'/ 	
weld, the succeeding layers or beads fol- 

Block 	Block 5 	Block I 	Block 4 	Block 2 lowing the root pass are usually deposited 
Figure 10. Block sequence, 	 in the same manner in each layer of the 
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weld, but the ends of the segments or increments are staggered in successive layers 
or passes. 

Another build-up sequence that has been used sometimes, very much for the same 
purpose as the cascade sequences, is called the "block welding" sequence (Fig. 10). 
Each section or segment of the complete weld of full throat thickness is built up in 
blocks spaced uniformly along the length of the joint, leaving intermediate spaces in 
which other blocks are deposited subsequently, following somewhat the same order as 
previously described for a skip-welding or wandering sequence. It is important to 
provide stepped ends on the blocks of welding, as shown so as to prevent all of the 
points of stopping and restarting of welding from occurring one above the other, which 
might result in an accumulation of defects all at one point in a weld. It is also impor-
tant to clean the ends of the blocks very carefully and remove any defective end craters 
or starting portions of the layers of the block. The build-up sequence has been used 
principally for welding armor plate or other high-alloy steels to prevent the cracking 
of root passes and to control the amount and distribution of heat which may be quite 
important in the case of some steels. There appears to be no reason for using this se-
quence in structural work for the welding of ordinary structural grades of carbon steel 
or low-alloy steel. 

For such work, if some expedient of this kind is necessary, the cascade sequence 
usually will be at least equally effective and easier to control properly. In a case of 
this kind, the important requirement is to get subsequent weld passes deposited over 
previous passes while they are still hot and before they have an opportunity to crack. 
A uniform preheating over quite a wide area in the general vicinity of a joint may help 
to prevent cracking in such cases. Local preheating should not be used without a care-
ful analysis of its effect. Under conditions of very severe restraint, such as thewèld-
ing of a comparatively small insert plate into a panel of plating, the use of localized 
preheat can produce an adverse effect whenthe shrinkage of the preheated part is addi-
tive to the shrinkage at the welded joint. 

Another expedient which may be used under relatively severe conditions to prevent 
cracking and also may be very helpful in eliminating lateral deflections or warping is 
to weld from the middle of a joint toward the ends of the joint where there is less re-
straint; for example, at the free edges of plating. It is preferable to carry along the 
welding in an outward direction from the middle of the joint simultaneously in both di-
rections. This may be accomplished by employing two welders, welding in opposite 
directions, or one welder who alternates his welding first in one direction and then in 
the other direction to maintain symmetry of deposition. 

Likewise, in making a comparatively thick groove weld in a butt joint (butt weld), the 
welding from one side of the plating must not be carried too far ahead of the welding 
from the other side of the plating, unless the plate edges are clamped or weighted down 
or otherwise restrained from developing angular distortion about the neutral longitud-
inal axis of the butt weld. In the case of making single-V butt welds with or without a 
backing strip, some kind of restraint such as that mentioned usually must be provided 
to prevent angular distortion. 

In connection with the balancing of the deposition of weld metal about a neutral axis 
of a weld or member, it should be kept in mind that deposition of an equal amount on 
the second side will not necessarily produce a sufficient counteracting influence in 
most cases to correct any deformation, such as angular distortion, which has been 
produced by the welding from the first side. Therefore, it is usually necessary to de-
posit somewhat more welding from the second side than was previously deposited from 
the first side before returning to continue on the first side. After these first two steps 
have been carried out from opposite sides of the joint, enough resistance to distortion 
has usually been provided that conditions are not as critical from there on. However, 
it will usually work out to the best advantage in each successive further step to carry 
the deposition of weld metal on each side far enough to build up a somewhat greater 
total amount on that side than the total deposited, up to that point, on the opposite side 
of the joint. Applying this principle to the making of a double-V butt weld, one would 
deposit a lesser number of passes of welding when the first welding is done in the root, 
from the first side, than the number of passes that is to be deposited in the second step 
from the opposite side of the joint. 



39 

SEQUENCE OF WELDING JOINTS IN AN ASSEMBLY 

As it has been inferred in the preceeding, balancing of the deposition of weld metal 
to prevent distortion is applied in planning a sequence of welding various joints in an 
assembly, as well as in the build-up sequence for a welded joint. In this connection, 
it must be remembered that some assemblies will be almost perfectly symmetrical 
after they have been completed, but the neutral axis of the parts actually being welded 
at one point in the sequence of welding may have a different neutral axis at that partic-
ular time unless the parts are all held together in some way (for example, by very 
heavy and extensive tack welding) to make them act virtually as an integral assembly 
during all of the welding. Such tack welding of a complete assembly in advance may be 
advisable for a comparatively small weldment, but it may result in distortion, or even 
weld cracking, in the case of larger subassemblies. In a large assembly, such as the 
complete deck system of girders, floor beams, and stringers of a complete span or 
large section of a span, such complete tacking together of parts quite a distance in ad-
vance of the production welding can result in an accumulation of shrinkage that will 
finally produce quite large and objectionable distortions, such as lateral bowing of 
floor beams. 

It can be seen that in some cases one must apply the idea of balancing the deposition 
of weld metal with due caution and regard for the extent of the joining together of vari-
ous parts at the time any part of the welding is being done. 

At one time, engineers in charge of welded construction sometimes prescribed the 
use of elaborate roller supports or other devices to almost entirely eliminate restraint 
against weld shrinkage at important joints, such as field splices in large welded girders. 
Such expedients were likely prompted by a false belief that even a moderate amount of 
restraint would create objectionably high residual stresses. Also, welding processes 
and procedures were not as well developed at that time. 

Experience has proved that such elaborate provisions are not necessary to prevent 
weld cracking. With regard to residual stresses, severe restraint can create sizeable 
residual stresses of the so-called "reaction" type (as opposed to locally balanced re-
sidual stresses). However, such severe degrees of restraint are seldom, if ever, 
encountered in practical construction. Such reaction-type residual stresses can be 
produced in a laboratory, for example, by making a butt weld between two very short 
lengths of plating with the outer ends securely anchored to a heavy rigid base. In such 
a case, transverse residual stress across the butt weld might approach yield point in-
tensity. If the plates were several feet in width, in the direction of the joint, longi-
tudinal residual stresses in the butt weld might also be about yield point intensity. It 
is difficult to imagine an arrangement in a welded bridge that would create such severe 
biaxial restraint. Further, no conclusive evidence has been developed by research 
which indicates that residual stresses exert a significant effect on the safety or load-
carrying capacity of an engineering structure with the exception of special cases of 
compression members or elements. In certain of these cases, residual stresses might 
cause premature deformations which would contribute to instability. 

For the reasons mentioned, the practical objectives to be kept in mind in planning a 
welding sequence are to control distortion and to prevent the cracking of a weld during 
cooling while it is subjected to shrinkage under comparatively severe restraint. With 
an improper welding sequence it might be necessary to use special procedures, at con-
siderable extra cost, to prevent weld cracking. 

Usually the principal obj ective of a welding sequence will be to control distortion, 
and in a large part of the welding for bridge construction proper support and clamping 
to hold parts in correct shape and alignment will prevent distortion without the need 
for working out a special welding sequence. Under the more complex conditions of 
larger welded assemblies, such as the deck system of a bridge, it is important to de-
termine a suitable welding sequence in advance. The various joints and connections 
should be welded in a sequence that will permit relatively free shrinkage for each joint 
or connection in an assembly of this kind if that shrinkage would be additive to subse-
quent shrinkage of other parts and result in an objectionable accumulation of loss of 
dimension, or perhaps finally exert enough force on some other member to distort it 
seriously. 
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To illustrate a case of this kind, the effect of the sequence of welding in a large 
section of the deck system of a bridge will be discussed in more detail; for example, 
a deck system composed of two main girders or trusses with floor beams, and with 
stringers fitted between and directly connected to the floor beams by rigid welded con-
nections rather than a flexible-type connection such as a pair of framing angles. 

If the floor beams were welded to the main girders or trusses in advance of the 
welding of the stringers to the floor beams, the welding of stringer connections in the 
first panel would result in shrinkage forces that tend to bow the floor beam laterally 
toward this panel. The welding of this first group of stringer connections would not 
likely produce enough bowing in the floor beam to be noticeable or objectionable. How-
ever, with all of the floor beams welded in place in advance, the shrinkage would ac-
cumulate during the welding of each of the successive panels of stringers to the next 
floor beam, and finally this would accumulate to an extent that it would produce a very 
pronounced bowing in the end floor beam of a long section of deck. 

On the other hand, if the lengths of the stringers are detailed correctly to allow a 
small amount for weld shrinkage at their connections to the floor beams, and if the 
welding of each floor beam to the main girders or trusses is delayed until connections 
have been welded to it from the stringers in the panel behind it, there will be neither 
an appreciable bowing of any of the floor beams nor any accumulation of loss of dimen-
sion which would prevent the floor beams from being fitted at the proper locations for 
their connections to the main girders. Also, because a slight amount of restraint may 
exist due to the friction of clamps or other devices which hold parts temporarily in po-
sition during erection, it is preferable to start the welding in the middle of a large 
section of bridge deck of this kind, letting it progress simultaneously or alternately in 
each direction toward the ends of the section or span being welded. 

When stringers are supported on the top flanges of floor beams, the shrinkage from 
the fillet welds that attach the stringers to the floor beams usually is not enough to pro-
duce any substantial effect on the lengths of the stringers or floor beams. However, 
if the stringers are made continuous, all stringer splices in any panel should be made 
before the section of stringers being added is welded to the floor beam ahead in order 
that the shrinkage from the splice welding will not exert a pull on the floor beams. 

Obviously, the making of any field splices in the main girders should be done in ad-
vance, at least before the welding of the deck system progresses to the location of the 
splice. 

To hold the amount of shrinkage at any direct welded splice or connection to a min-
imum, the parts should be fitted accurately at such connections or splices. If the root 
spacing at any joint is greater than that called for by the approved welding procedure, 
this will have a tendency to increase the amount of shrinkage and loss of dimension 
across such a joint. If errors in fabrication have resulted in excessiye widths of some 
of the grooves for butt welds, it may be necessary to build up one of the abutting bev-
eled edges with weld metal to reduce the root spacing before welding is started on the 
joint. 

One of the best examples of applying a sequence of welding in bridge construction to 
avoid both distortion and weld cracking is the case of making a splice in a rolled beam 
or built-up girder or in the elements of a built-up girder. 

In making shop splices of girders, it is usually possible to weld the splices in the 
flange plates and in the web plate before they are assembled to make up the girder, 
doing this while the plates on either side of the butt weld are free to move independent-
ly. In the case of making splices in rolled beams, either in the shop or in the field, 
and in the case of field splices of built-up girders, a more carefully planned sequence 
of welding will be advisable. Likewise, in the case of very long sections of welded 
girders assembled in the shop so as to reduce the number of field splices, it may be 
necessary to make one or two shop splices between prefabricated girder sections, 
making these shop splices in the same sequence that would be used for a field splice. 

In making such a splice in a rolled section, or a field splice in a built-up girder, 
the first step is to tack weld the abutting sections together securely after they have 
been aligned and spaced properly. An arrangement of tack welds that is used frequent-
ly is shown in Figure 11. The tack welds should be made substantial enough to prevent 
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their cracking, but not so extensive that 

/ 	 the restraint offered by them will cause a 

( 	 4{ 	tendency toward distortion or weld crack- 
ing. Theyshouldbe made in such away 

1111 	 that they will conform to all of the require- 

flJ 	 ments of the specifications so that they 
can be incorporated subsequently into the 

I4fl 	 final welding. However, if any tack welds 
are not made properly and they have cracks 
or other defects, they should be removed 
and replaced before the final welding pro-
gresses to them. 

Figure 11. Typical arrangement of tack 	The AWS bridge specifications provide 
welds in splicing a girder. 

that in case of long built-up girders a lim- 
ited number of shop splices may be made 

between partial-length subsections in which the web and flanges have been assembled 
and welded together in advance. Sometimes it is desirable that the complete girder be 
turned over between the various steps of the welding of such a shop splice in order that 
all of the welding may be done in the flat position. In such cases it is especially im-
portant that the abutting sections at the splice be held together and in alignment with 
sufficiently substantial tack weldsto prevent cracking of part of the permanent splice 
welding while the girder is being turned over. 

Experience indicates that the sequence in which the splice welds of the elements of 
a beam are made cannot be a very critical matter with respect to avoiding shrinkage 
cracks under conditions usually prevailing in fabrication and construction work, pro-
vided that adequate control is exercised over other features of the welding procedure. 

To prevent excessive loss of time due to extra handling or due to having welders 
move from one point of welding to another point frequently in the xnaking of splices in 
rolled steel beams or comparatively small plate girders, it is often expedient to com-
plete the welding of the web splice before starting to weld the flange splices. The AWS 
bridge specifications provide that web splices shall be welded before flange splices 
unless otherwise approved by the engineer. Splices in such members have been welded 
successfully using other sequences. 

This provision of the specifications has been construed as indicating that to prevent 
weld cracking it is best to at least start the web splice first (Fig. 12). This conforms 
to the general principle of starting the welding in the middle of a joint or splice and 
progressing outward toward free edges or surfaces. If the flange splices were welded 
first, they would provide a good deal of restraint both above and below the joint in the 
web during its welding. 

Experience has shown that when conditions are critical, such as during cold weather 
or when comparatively great thicknesses of material are involved, weld cracking may 
result under such conditions of restraint. In this connection, it should be remembered 
that experience with the propagation of cracks indicates that a crack in the web of a 
girder is likely to be just as serious as one in the flange. 

In the case of making a splice in a'comparatively large girder, if the 'web splice is 
completely welded in advance of, the flange splices, , experience has shown that the 

Beads shown thus to be welded' 
in overhead position. 

10 

14 

Bottom flange 	Top flange 
• 	 Web - 

Figure 12. Sequence of welding,a field splice in a heavy beam. 
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Roat weld 

A-A 
/ 	- 
' 
/ ,- / 	 Not less than 3/4" 	

k:T_ 
whendouble see

L_r 	is used 	avy Web 
beams  

B- B 

Preparation for Welding 

Bevel ends of beam sections. Use single-vee butt weld for flange and/or web thickness of /" 
or less. Groove should be on inner side of flanges when single-vee is used. Use double-vee prepar-
ation for flange and/or web thickness greater than 7/,  making the double-vee unsymmetrical if nec-
essary, to provide a depth of not less than 3/4  for the vee-groove facing the inside of the flange. See 
sketch. 

Accurately align beam sections and tack together leaving '/" root opening. 

Install run-off tabs at the four ends of the flange butts. 

Welding Sequence 

A -, 
Runoff tabs 

-1------ n----I--- 
(Bottom of gouge 

to sound metal 

A-A 

Position beam with web horizontal and vee-groove upward, and weld beveled side of web (or 
side with deeper groove, when double vee is used). 

Turn beam over, gouge back side of web weld to sound metal. 
Weld back side of web. 
Turn beam with web vertical and weld inside of lower flange. 
Turn beam with other flange down and weld inside of second flange. 
Gouge outside of first flange to sound metal. Gouge from the outside. (See Section A-A) It 

will be necessary to gouge very deep to remove defects. 
Weld outside of first flange. 
Turn beam over, gouge outside of second flange to sound metal. Gouge from the outside. 

(See Section A-A) It will be necessary to gouge very deep to remove defects. 
Weld outside of first flange. 
Remove run-off tabs and grind edges of flange butts smooth. 

Figure 13. Edge preparation and sequence of shop welding for butt welds (without coped 
holes) shop splice of rolled beam and procedure for splicing rolled beams without coped 

holes. 
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shrinkage forces fron the flange welds can cause unsightly buckling in the web, which 
may exceed the tolerances for flatness prescribed by the AWS bridge specifications. 
Therefore, the sequence of making the splice must be modified so that a part of the 
web splice welding is delayed until a large part of the flange splice welding has been 
completed. 

At one time designers of welded girders involving splices were quite strongly in-
clined to follow precedents of riveted construction and require the splices in the web 
and the two flanges to be staggered. Tests of welded girders to destruction have shown 
patterns of fracturing which shOw that there is no tendency for a fracture to follow 
welded joints. Therefore, the usual practice now is to make the field splices in the 
elements of a built-up welded girder all in the same vertical plane. This facilitates 
the work and, therefore, is likely to provide a somewhat higher quality of workman-
ship. If, however, the design plans and the approved working drawings show such 
splices to be staggered and they must be made that way, a length of the welded joint 
between the web and flanges of each girder must be omitted, temporarily, between the 
location of each flange splice and the location of the web splice, and these unfinished 
portions of the flange-to-web joints should be completed as the last operation of mak-
ing the welded splice. It is obvious that otherwise the web splice would be under re-
straint fromthe flanges while it is being welded and, in the case of a deep girder with 
a thin web, the web might be buckled somewhat as a result of the shrinkage of the weld-
ing in the flange splices. 

There has been considerable controversy as to whether or not coped holes should 
be provided at the ends of web splices, immediately adjacent to flange splices, as 
shown in Figure 11. These holes have been used for two reasons. First, they facili-
tate the making of sound welds in the flange splices because without them there is not 
good access for depositing sound metal from the side of the flange plate adjacent to the 
web. Second, unless special care is exercised in making the web splice welds without 
the coped holes, end defects are likely to remain at the ends of these welds where the 
web joins the flange. When the copes are provided, they are first made somewhat 
smaller than their final size until the butt weld of the web splice has been completed. 
Then the coped holes, are enlarged to their final size and in doing this the defective end 
portions of the web splice weld are removed. 

In connection with low-temperature drop-hammer impact tests at Columbia Univer-
sity for the Structural Steel Committee of the Welding Research Council, an alterna-
tive method of preparing ends of beams and making butt welded splices was developed 
to permit sound welded splices to be made without the provision of the holes in the 
webs, as shown in Figure 13.. The flanges were provided with single-V grooves with 
the openings inward toward the web of the beam. Even with this arrangement, when 
the final welding was done on the outside surfaces of the flanges it has to be preceded 
by deep oxygen gouging (deeper than to the mid-thickness of the flanges) in the portions 
of the flanges directly opposite the web to remove slag and porosity. 

A modification of this procedure has been used in some state highway bridge con-
struction work, as shown in Figure 14. 

'C 
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WEB SPLICE END VIEW 

Figure iA. 



44 

Severe impaët t?sts made at comparatively low temperatures have indicated sub-
stantially better performance of beams that were carefully welded by the aforemen-
tioned sequence, which eliminated the holes in the web. However, this sequence and 
proàedure involves additional cost. If quite careful control is not exercised and seri-
ous defects are permitted to remain in the flanges, it is likely that the results of using 
this method would be inferior to the results of the method using the coped holes. 

The shape of coped holes shown in Figure 12 is one that has been used rather ex-
tensively in Europe. The most common American practice has been to make these 
coped holes of a semicircular shape, with the diameter of the semicircle in the plane 
of the inner face of the flange. There seems to be no evidence from research or ex-
perience to indicate any superiority for either these shapes of copes. The low-tem-
perature impact strength or resistance to brittle fracture would be decreased appre-
ciably by either kind of stress raiser (coped holes or sizeable internal weld defects) 
and likewise the fatigue resistance would no doubt be reduced somewhat although prob-
ably not enough to be of significance in a highway bridge. Defects which constitute 
sharp-notch effects in the extreme fibers or surfaces of a member seem to be more 
influential in reducing fatigue resistance than internal defects. 

As previously indicated, during the making of a splice in a beam or girder the 
shrinkage forces should be balanced in such a way as to avoid creating a vertical sag 
or hump at the location of the splice. In the case of a field web splice this involves 
backstepping; that is, progressing downward along the length of the web joint but de-
positing each increment with an upward direction of travel. In the case of a shop splice 
welding can be started in the middle of the web and carried alternately or simultane-
ously in both directions towards the edge of the web plate. 
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Weld 
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Note: Web heated while flange is being welded. 

Figure 15. Welding sequence for splice In girder of pedestrian overhead bridge. 
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In making flange field splices the welding is done alternately on one flange and then 
the other or, if two welders are used, both flanges can be welded simultaneously. In 
the interests of practicality, when only one welder is used he deposits more than one 
pass or layer of welding in one flange before he moves to the other. This can be done 
to a reasonable extent to reduce cost without causing permanent distortion. 

Figure 12 shows a typical example of a welding sequence that can be used in splic-
ing any beam or built-up girder, involving a delay in making the final passes or layers 
of the web splice weld until all other welding has been completed in the splice. As has 
been indicated, delay in making the final passes of the web weld, particularly those in 
the middle of the web splice, may be necessary in the case of deep girders with thin 
webs to avoid ending up with buckling distortion in the web. 

When the iveb splice is welded first, an expedient that has been used to prevent web 
plate buckling during shrinkage of flange splice welds is to heat the web in the immedi-
ate region of the web weld just prior to the welding of the flanges, so that it can shrink 
along with the flange welds. It may be particularly helpful to do this in cases where 
the splices in the flanges and the web are staggered (Fig. 15), especially in the case of 
comparatively light deep girders. In using this method, an attempt should be made to 
assemble the parts in such a way that after the web has been heated, the root spacing 
of the flange weld grooves will be correct. 

Another expedient that ci.n be used is simply to tack weld the vertical web stiffness 
in place on either side of the splice, and defer the final complete welding of these two 
stiffeners or pairs of stiff eners until all of the splice welding has been completed. 
The final welding of these web stiff eners will then assist in pulling out any slight buckle 
remaining in the web plate. 

In making splices in large rolled steel beams or in built-up girders, some fabrica-
tors and erectors have preferred to deposit several passes in each of the flanges be-
fore starting the welding in the web splice. This procedure has been approved by 
some state highway departments. When this is done, some states require that both 
flanges be preheated locally and kept hot, in the vicinity of the web splice, until sever-
al passes have been made in the web splice weld. This preheating is done so that the 
flanges will contract at the same time the web weld is shrinking, thereby avoiding se-
vere restraint at the web weld which might result in cracking. 

Alter the welding of a beam or girder splice has once been started, it is the safest 
practice to continue it without interruption until the entire splice has been completed, 
including the web and both flanges. 

Following an improper welding sequence can create conditions which make proper 
fitting of some of the members difficult or impossible at welded splices or connections. 

Diaphragms may be welded 	 but should not be welded on 
at one end of the unit before 	this end to permit individual 
all splices are welded, 	 fitting of the beams by. 

longitudinal movement. 

Figure 16. 
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Figure 17. Joint welding sequence, light truss. 

An example of this is shown in Figure 16, which represents a bridge with four lines of 
main beams or girders spaced apart and held in correct position by several lines of 
transverse diaphragms in each span or section of the deck of the bridge. It is obvious 
that if the diaphragms were all welded to the main girders prior to the fitting at the 
splices in the main girders, minor unavoidable inaccuracies in fabrication would make 
it difficult or impossible to fit the joints properly at the splices of the main girders. 

Figure 17 shows a sequence for assembly welding of a light truss which involves 
the symmetrical welding of various joints starting at the middle of the truss and pro-
gressing in both directions towards the ends, and making connections to the top and 
bottom chords at the same time at any panel point. Prior to assembly, all gussets 
and separators are welded in the chord members. Likewise, all separators are weld-
ed in the posts and diagonals so that the individual members can shrink during welding 
before they are assembled to make up the truss. In a case of this kind, inasmuch as 
the web members are welded to gusset plates which project out from the chord mem-
bers, the matter of a welding sequence is not as critical as it might be if the web mem-
bers were welded directly to the chord members. Therefore, in this case all of the 
welding on one side of a truss can be completed, in the interests of practicality, before 
the truss is turned over for the other side to be welded in a similar manner. 

Other instances in which departures may be made from an ideal welding sequence 
without resulting in objectionable distortion include cases where the amount of welding 
and the accompanying shrinkage forces are relatively small as compared with the stiff-
ness of parts available to resist the shrinkage forces, or cases where substantial weld-
ing fixtures are used to prevent parts from bowing. Also, when a welding procedure 
involving relatively high rates of heat input and relatively high rates of travel speed is 
used, the heat is maintained more concentrated along the line of the joint. If the ma-
terial is not too thick (for example, a relatively thin web of a girder in which web-to-
flange welds are being made), the welding heat on one side of the web will penetrate 
rather well through the thickness of the material. Because the flange is restrained by 
a substantial fixture from "cocking" or twisting with respect to the plane of the web, 
and because the heat penetrates quite well through the thickness of the web, it is pos-
sible to carry the welding from one end of the girder to the other on one side of the 
web before welding is started from the other side of the web. 

This is done quite commonly, with good results, in the shop fabrication of built-up 
girders, where enough duplication is involved to make it practical to construct suitable 
jigs and fixtures and, perhaps, positioning devices to fit the parts together accurately, 
hold them securely in the proper relative position during welding, and rotate or tilt 
the girder section into the most advantageous position for rapid, flat position welding. 
A typical fixture of this kind is shown in Figure 4. As indicated in the cross-section 
of a heavy girder included in the same figure, each of the four fillet welds could be 
made complete, one at a time, in the sequence indicated, and still produce a complet-
ed beam free of distortion. The welding in this case was done by the submerged-arc 
welding process. Specifications commonly require that when the base metal is more 
than 2 in. thick it must be preheated to at least 100 F. In a case of this kind it is not 
necessary to preheat the entire girder or its flange plates in advance of the beginning 
of welding operations. The preheat is applied locally and progressively immediately 

© 
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ahead of the arc by. means of a heating or welding torch. Temperature-indicating 
crayons or pellets are usually used during the adjusting of the heating torch so that it 
will provide the desired amount of preheat temperature in the metal, while traveling 
at the same speed as that to be used for the arc welding that f011ows immediately be-
hind. 

In determining whether the correct preheat temperature has been produced, marks 
are made on the steel material or pellets are placed on it immediately afterthe flame 
has passed the location where the preheat temperature is to be ascertained, but not 
until the torch has proceeded far enough that the flame will not wash back ovei the 
crayon marks or pellets. Obviously judgment has to be exerbised in determining re-
quirements for preheat under various conditions. For example, strictly aCcording to 
the specifications relating to the case just described, in which submerged-arc welding 
is used to join the web of a girder to its flanges, if the flange plate were only 2 in. 
thick, no preheat would be required, even though the temperature of the base' metal 
were 10 F, the lowest temperature at which submrged-arc welding is permitted. On 
the other hand, if the thickness of the flange were only slightly greater than 2 in., say 
2'/8  in., even though the temperature of the base metal might be as high as 80 or 907 
the specifications would require 100 F preheat This does not seem logical. Spe-
cification provisions of this kind must necessarily be kept rather brief, even in the 
case of a table covering a range of material thickness such as provided in the specif i-
cations with regard to requirements for preheat and interpass temperatures for man-
ual shielded-metal arc welding. They can only provide landmarks about which an in-
spector can orient his judgment. It would be desirable to have a chart prepared (or 
preferably a table in the case of specifications) which would prescribe intermediate 
degrees of minimum preheat and interpass temperature for various thicknesses of ma-
terial so that if the base metal is at a suitable temperature to preclude excessive rates 
of cooling, no additional preheat would have to be added. 



Chapter IX 

Control of Distortion 

Although some of the distortions experienced in welded structures are caused by 
dimensional errors in fabrication and other general features of improper workman-
ship, which would cause distortion in any type of structure, some kinds of distortion 
result from the effects of expansion, upsetting and, contraction of heated metal that oc-
cur during the welding operations and soon afterward. Therefore, to exercise control 
over such distortion and to apply suitable methods for correcting any distortion that 
does occur, one should have an understanding of the effects of applying heat to steel 
material. 

These effects of expansion, upsetting and contraction due to localized application of 
heat can be illustrated by the behavior of a bar of metal (Fig. 18) to which heat is ap-
plied locally either by welding or by an oxyacetylene heating torch as it is applied 
sometimes in the removal of distortion. The portion of metal to which heat is being 
applied is surrounded by rigid cooler metal, which restrains the heated portion and 
prevents it from expanding freely, Therefore, the heated metal is upset and becomes 
shorter but a little thicker, because the volume of the heated metal remains. substan-
tially constant. As local heat is applied, the heated portion will expand somewhat be-. 
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Figure 18. 

fore it is upset and the temporary increase in length of the fibers on the heated side of 
the neutral axis of the bar will cause it to bend (convex upward if the heat is applied on 
the upper side of the bar). However, as a result of the shortening of fibers due to the 
upsetting, subsequent contraction during cooling will produce a final bending or align-
ment, which in this case is convex downward. If suitable heat is applied in a subse-
quent operation from the opposite side of the 'bar, it is obvious that it can be straight-
ened back to its original alignment. Of course, when weld metal is added, as in arc 
welding, at the localized area depicted in Figure 18, the shrinkage of the weld.metal 
upon cooling is additive to the shrinkage of the base metal during cooling. 

Another effect of expansion, upsetting and contraction is the tendency for warping 
or buckling in a panel of plating to which heat has been applied by welding along one or 
more of the four edges of the panel. Figure 19 shows a case of this kind, which is a 
panel of plating between the top and bottom flanges of a girder and vertical stiff eners. 
Because all four boundaries in this case are "shrunk" or reduced in length by welding, 
and there is no compensating shrinkage 
along a horizontal or vertical axis through 
the middle of the panel or plating, each of 
these axes will be longer than the two ed- 
ges of the panel that are parallel to it. 
Obviously, this will tend to cause buckling 
or warping in the panel. 

It can be shown, by computations in-  
+i. 	ffjin+ rf ',rnncirn of '., 

steel and its yield point at various elevated 	 Figure 19. 
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temperatures, that the heating of one portion of a member to a temperature not much 
more than 200 F above adjacent portions cancause permanent distortions of the kind 
described. 

However, since it is impossible to produce such a sharp temperature gradient in 
the steel material that one portion would be 200 F hotter than another portion immedi-
ately adjacent to it, it is necessary to produce a temperature differential of at least 
300 or 400 F to cause appreciable upsetting of localized heated areas in the manner 
described. 

During cooling from quite a high temperature, and while the heated member is still 
at such a high temperature that its yield point is very low, the contraction forces will 
likewise cause some stretching of the hot metal which will compensate for part of the 
upsetting. Therefore, the permanent distortion occurs largely alter the heated metal 
has cooled to a temperature of only a few hundred degrees F, especially if the part or 
member which has received the localized heat is clamped or otherwise restrained. 
Although some manifestation of the phenomena that have been mentioned is inevitable, 
the degree of distortion can usually be controlled by various means that will be des-
cribed so that it will not be objectionable, and in many cases it will hardly be percep-
tible. 

Inasmuch as welding distortion results from the application of welding heat, it is 
obvious that one of the most important precautions to be taken is to hold the amount of 
welding and the size of fillet welds down to the amounts shown on the plans, which 
should be the minimum amounts of welding required to provide the necessary strength 
or to comply with other specification requirements (such as those pertaining to mini-
mum size of fillet weld that may be deposited on a given thickness of material). There-
fore, from the viewpoint of controlling distortion it is important for the inspector to 
discourage the making of oversize welds, as'well as undersize welds, bearing in mind 
that in order to preclude the welds being undersize at any point, it is necessary to 
make them slightly oversize in places due to the inability of a welder to hold the size 
of weld exactly to that prescribed. 

In general it is advisable to keep the heat of welding concentrated so that adjacent 
parts of the steel material will remain as cool and rigid as possible. Therefore, it is 
usually best to use the largest size of electrode and the highest welding current per-
mitted by the specifications. Of course, other considerations with regard to the pro-
ducing of sound welds with suitable penetration into roots of welds require the maxi-
mum size of electrode to be limited by the specifications. 

Sometimes the structural parts of a weldment provide enough restraint and rigidity 
to counteract distortion tendencies, but in other cases external restraint must be pro-
vided by fixtures, clamps, strongbacks, or other means for holding work pieces in 
proper shape and to line. 

As mentioned in the previous section, various kinds of build-up sequences can be 
used to distribute the heat in such a manner as to prevent an accumulation of shrinkage 
effects. 

The advisability of properly balancing the amounts of welding, in both design and 
construction, has been discussed in a previous section, as well as the arrangement of 
sequences of making various welded joints in an assembly so as to provide for rela-
tively free shrinkage to occur in some parts or members before they are tied into the 
complete assembly, especially in the case of comparatively large assemblies where 
the shrinkage might accumulate and cause loss of dimension or cause contraction for-
ces to be exerted in such a manner as to pull parts of the assembly out of shape or. 
proper alignment. Likewise, the impor.tanceof proper fitting of welded joints to provide 
uniform grooves and correct over-all dimensions alter shrinkage has taken place has 
also been stressed. 

It has also been emphasized that while an assembly is being welded it must be sup-
ported properly and held in the correct shape. Otherwise, it will simply be "locked" 
in an improper shape or alignment by the welding together of the various parts. 

When it is impossible to balance the heat of welding in such a way as to prevent 
bowing or other types of distortion, it is sometimes necessary to prespring or preset 
a part or member sufficiently in the direction opposite to compensate for the anticipated 
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distortion so that the part or member will be properly aligned alter welding has been 
completed and the parts have cooled to uniform temperature. 

Sometimes, in the case of a comparatively large or complex weldment, the entire 
weldment can be divided into several subassemblies so that comparatively free shrink-
age can occur in each subassembly because it has not yet been joined to other parts 
that would restrain such shrinkage and develop distortion. Sometimes it is helpful to 
visualize the weld shrinkage as taking place about the three major axes (X, Y, and Z) 
of the entire assembly. Then subassemblies can be arranged so that all of the shrink-
age along the X axis will take place independently during one series of welding opera-
tions, the shrinkage along the Y axis can take place during the next series, and the 
shrinkage along the Z axis will take place during the final series. Perhaps weld shrink-
age will occur only about two axes. 

For example, in assembling and welding the parts of a large welded pedestal for the 
support of bearing shoes or rockers, there may be a bottom bearing plate and a top 
bearing plate or sole plate with a crate-like assembly of vertical webs and stiff eners 
in between the two plates. By welding the vertical plates and stiff eners together first, 
shrinkage in a horizontal direction can be made to occur quite freely between the inter-
secting vertical webs and stiff eners. Then, when this assembly of vertical webs and 
stiffeners is welded to the bearing plates, welding can be started at the middle of the 
bearing plate and made to progress outward in all directions toward the edges so that 
the shrinkage of this welding will not be unduly restrained. 

The effect of preheating has been discussed previously and it has been emphasized 
that although there are some cases where preheating may help to minimize distortion, 
care must be exercised in local preheating to make sure that the resulting shrinkage 
will not add to the shrinkage of the welding and possibly cause worse distortion, or 
even weld cracking. 

It has been mdicated that accurate fitting of joints and also a judicious amount of re-
straint against the shrinkage across a welded joint such as a butt joint, will help to 
minimize loss of dimension. With considerable experience based upon uniform control 
of fitting, welding procedures, and sequences, one can sometimes predict over-all 
shrinkage and loss of dimension. However, any rules that have been developed for 
predicting such loss of dimension in any particular fabricating shop have been based 
largely on their own routine procedures, and may not apply in the case of another shop. 
Nevertheless, it is desirable to make the best estimate possible for such loss of di-
mension in the case of a welded assembly that is quite large. Then, unless there is a 
sufficient background of experience in that particular kind and size of weldment, even 
under the best conditions of control it is advisable to provide extra stock at final clos-
ing joints to permit accurate trimming to length alter most of the weld shrinkage has 
occurred. 

Locked-up residual stresses are inevitably created in shapes while they are being 
rolled and cooled in a steel mill. It is possible that the introduction of welding heat 
may release some of these locked-up stresses, with resulting distortion which is dif-
ficult, if not impossible, to predict. In such cases, corrective measures must be ap-
plied. 

Peening of welds has been done in some cases to compensate for loss of dimension 
where precise control is necessary, and under similar circumstances it might be help-
ful in correcting other kinds of distortion. However, peening is not used as much as 
it was at one time in welding applications; it is seldom if ever used in connection with 
welded bridge fabrication or construction. When peening is used, it must be carefully 
controlled to prevent damage. The AWS bridge specifications provide that peening of 
multilayer welds may be used only if authorized by the engineer and directed by him. 
No peening is permitted on root passes or surface layers of a weld, therefore it can-
not be used on single-pass welds. 

Care must be exercised to prevent overpeening, which may cause overlapping, 
scaling, cracking, flaking, or excessive cold working of the weld and the base metal. 
Accurately controlled research has shown that peening must be carefully controlled to 
prevent a drastic reduction of the notch-toughness of the metal being peened. It is dif-
ficult to control hot peening on a welded joint to prevent such injury because during 



51 

cooling the weld metal soon reaches a range of temperature in which the damage is 
particularly drastic. Although the depositing of subsequent passes of weld metal may 
restore the properties that have been lost, it is obvious that such correction cannot 
occur in the case of the last pass of welding. 

Perhaps the main reason for prohibiting peening of root passes is that they are like-
ly to be cracked at least slightly without it being noticed. Peening should never be 
used to iron out or conceal weld defects. Because of the difficulties that may be en-
countered and the careful control that must be exercised over peening, it is advisable 
to avoid its use whenever possible. Peening of base metal at any point is prohibited 
for the same reason that the peening of surface passes of welds is prohibited. 

Peening of intermediate passes of weld metal cannot be relied upon to relieve local-
ized residual stresses, because depositing of the final surface layer, which cannot be 
peened, will likely restore the same pattern of residual stresses that would have ex-
isted if the intermediate layers had not been peened. It appears that there is little op-
portunity to use peening for control of residual stresses or distortion without using it 
in such a manner that it will cause damaging effects such as loss of notch-toughness. 
As has been pointed out, there seems to be no evidence that localized balanced residual 
stresses in a weld detract from the load-carrying capacity of a structure. 

Sometimes temporary fitting or holding devices used for distortion control can be 
removed as soon as sufficient weld metal has been deposited to hold parts together 
firmly. This may be necessary to provide suitable clearances for welding. In other 
cases, it may be necessary to leave a part or member in a jig or fixture where the 
welding is done until the part has cooled to almost uniform temperature to prevent dis-
tortion during the latter stages of cooling. As has been mentioned, temperature dif-
ferences of little more than 200 F may be sufficient to cause distortion. 

At one time clauses in some welding specifications indicated that preheating and 
postheating along one side of a welded joint, such as a joint between the web and flange 
of a girder, might be used to prevent differential contraction between the two parts be-
ing joined and thereby reduce residual stress. This seems to have been fallacious 
reasoning. Carefully controlled research has shown that the residual stress in a butt 
weld is not altered by preheating plating on one side of the joint in such a way as would 
minimize differential contraction. 

Sometimes preheating can be used to help control distortion. For example, in mak-
ing welded joints that are not symmetrical about the neutral axis of a section, by using 
preheating or by heating simultaneously with the welding operation on the opposite side 
of the neutral axis, the heat input can be balanced. 

One of the most important things is that distortion control should be exercised over 
all fabricating, fitting, and erection operations to avoid causing conditions that may 
make such control impossible by simply giving attention to welding operations alone. 
Frequently, distortion caused by improper handling producing bends or kinks is blamed 
on welding. Likewise, the forcing of a fit in such a way as to pull parts out of line, and 
then welding them together in a distorted condition, is actually responsible for the dis-
tortion rather than the expansion, upsetting and contraction at the welded joint. Dis-
tortion sometimes results from unbalanced applications of oxyacetylene cutting. For 
example, if oxyacetylene trimming of one edge of the web plate of a girder is done in 
advance of the trimming of the other edge, rather than making both trimming cuts at 
the same time, the web plate may be buckled. Then when the parts are fitted and weld-
ed together the buckling of the web plate, which was really produced by unbalanced ap-
plication of heat in oxygen cutting, may be blamed erroneously on the effects of weld-
ing. Therefore, it is important that operations prior to welding be done properly and 
in such a way as to avoid setting up conditions that will result indistortion in the final 
structure. 



Chapter X 

Correction of Distortion 

In welded bridge construction it is usually possible to hold distortion within accept-
able limits by exercising care during fabrication and erection operations, following 
methods outlined in the preceding section. Sometimes, however, it is necessary to 
correct distortion because it has not been anticipated and proper steps taken to prevent 
it. Also, there may be a few cases of comparatively light members, perhaps with un-
balanced welding, for which it is virtually impossible, or at least impractical, to pre-
vent objectionable distortion during construction. 

if reasonable care is exercised during construction, any distortions experienced in 
welded bridge construction are likely to be objectionable only from an appearance view-
point; for example, excessive buckling or warping of the webs of plate girders. It is 
seldom that distortion is great enough to affect seriously the strength of a main mem-
ber or other important part of a bridge. However, the function of the member involved 
should be considered carefully, along with the effect that the distortion might have on 
its structural adequacy. 

Before applying corrective measures to remove any objectionable distortion, care-
ful analysis should be made to determine the cause. Sometimes the cause of the dis-
tortion will have an important bearing on the methods used to correct it. For example, 
if fitting has been forced between a member that frames into another member perpen-
dicular to it, and this has resulted in lateral bowing of the supporting member, it may 
be that the only effective measure for correction will be to cut the joint and refit the 
parts correctly. Sometimes this will involve building up one part, such as a bevel edge 
for a groove weld; sometimes a part may have to be completely replaced with one of 
suitable length; and sometimes a part that is too short can be cut back several inches 
and spliced with an extension to provide the proper length for fitting to the other part 
or member involved. 

Distortion in the form of bowing or warping due to expansion, upsetting and contrac-
tion can usually be corrected by the use of external force or the application of heat, or 
a combination of the two methods. As indicated in the preceding section, peening has 
been used occasionally during welding operations and afterward to control or correct 
distortion. However, it should only be used for control of distortion when special care 
can be exercised to prevent damage of the kinds mentioned. Because peening of base 
metal or surface passes of weld metal is prohibited and cannot be done without lower-
ing the notch-toughness of the metal, it does not seem that there would be any oppor-
tunities to use peening safely for correction of distortion. 

One of the commonest methods of removing bending or bowing distortion by means 
of external force is to straighten a distorted piece in a press such as a "gag-press" or 
"bulldozer." Force may be applied also by means of jacks, cables, turnbuckles, and 
other devices. If a member is badly bowed or bent, the amount of bending required to 
straighten it cold may be enough to cause fracturing or excessive strain hardening. In 
such cases,. unless the member is so badly damaged that it should be discarded, the 
straightening might be done with parts of the member heated above a red temperature 
at the point where the bending and consequent stretching of the metal is to be done. 
This kind of an operation is an example of combining external force with heating. 

When it is practical to apply external force along with heating, as described, this is 
usually a more efficient method of removing a considerable amount of bending or bow-
ing distortion than the use of the so-called "flame straightening" or "flame shrinking" 
method. Care must be-exercised in applying any such methods to members that are 
carrying stress, particularly when a considerable portion of the member must be heat-
ed to what might be called a "forging" temperature. Obviously, if a part were buckled 
under compressive stress due to internally balanced reaction stresses which have re-
sulted from improper fitting or from an accumulation of shrinkage, the member might 
buckle worse and perhaps fail if a considerable portion of it is heated to such a degree. 

The flame straightening method that has been mentioned, which is carried out without 
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the use of external force, is often a convenient method to use when it is impractical to 
provide means for exerting external force. Also, in the case of a comparatively slight 
amount of bowing or bending distortion one can sometimes remove the distortion by 
flame shrinking in less time than it would take to provide means for exerting external 
force. The same principles involving expansion and yielding or upsetting, followed by 
subsequent contraction during cooling, which have been described in the section on 
"Control of Distortion," are the underlying principles involved in applying the flame 
straightening method. The application of heat must be localized and confined to a small 
area to obtain the necessary local expansion while the heated area is restrained from 
expanding by the surrounding cooler area. 

To prevent undesirable metallurgical effects, heating of these areas to very high 
temperatures should be avoided. Also, it is advisable to avoid high temperatures in 
the interests of efficiency, because the additional cost of gases and labor required for 
the excess heating is simply wasted. From the viewpoint of efficiency, the metal being 
heated in flame straightening operations need not be raised even to a low forging tem-
perature or yellow heat. All that is required is to create a few hundred degrees dif-
ference in temperature between the area being heated and the surrounding area, as 
previously discussed. Because it is convenient to judge the temperature of metal by 
its color, the practical criterion is to heat the small area only until one can begin to 
perceive a dull red color, whiCh will not be more than 1,200 F. 

It is possible to speed up flame shrinking operations by quenching the heated area 
immediately after the desired temperature has been reached. This has been done fre-
quently by spraying water on the area or by swabbing it with wet burlap. This simply 
cools the heated area and restored its yield point strength so rapidly that it cannot 
stretch back under the contraction forces of surrounding material that has been heated 
to a moderate extent. It does not speed up operations as much as some workmen have 
supposed. Because steel that has been heated close to its critical temperature can be 
hardened, with a loss of ductility, by rapid quenching; and since it is difficult to judge 
the steel temperature by color in bright sunlight, and the heating may have been car-
ried to a somewhathigher temperature than required for the flame straightening action 
to occur, it is preferable to avoid any kind of quenching in conjunction with flame 
straightening. I.f it is used, careful contrOl should be exercised over the entire flame 
straightening operation. Some specifications prohibit the use of quenching. 

The most effective, as well as the most desirable pattern for applying the heat is a 
V-shaped area. As shown in Figure 20, the base or widest part of the V-shaped pat- 

Figure 20. Ideal patterns of heating. Arrows show direction of movement of ends of 
beam during contraction of metal that has been upset during the heating. 
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tern is made at the edge of the member where the fibers are to be shortened most by 
the flame straightening operation. For instance, if a bar or beam is distorted so that 
is has a convex upward bow, the fibers on the upper side must be shortened to bring 
the desired correction. It would appear that the triangle-shaped heats should extend 
at least to the neutral axis of the member being straightened to be most effective, or 
perhaps even somewhat beyond the neutral axis, although the results desired can be ob-
tained when the pattern does not extend this far from the edge where the major con-
traction is to be produced. 

In applying the heat, the apex of the triangular pattern is heated first and the torch 
is guided in a zig-zag or weaving manner gradually progressing toward the base of the 
triangle. It is usually more effective to heat several adjacent V-shaped patterns of 
comparatively narrow width rather than a single application in a wider V-shaped pat-
tern, unless the kink or bend to be removed is very sharp. In that case the distorted 
part should be examined carefully to make sure that the sharp kinking has not resulted 
in at least incipient tearing or excessive cold working, which would indicate that the 
piece should be rejected.or some other method adopted for repairing it. 

Buckling distortion can be removed from panels of plating by heating a series of 
comparatively small spots around the periphery of the plating, skipping around so that 
the heating of each spot is localized without bringing the whole panel of plating or a 
large part of it up to a rather high temperature. After the metal has cooled, another 
series of spots can be heated, if necessary, somewhat nearer the middle of the panel 
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than the first series of spots- Such a heating pattern is indlicated in Figure 21a. 
If a transverse force or a transverse restraint is applied to a buckled area by means 

of a jack or temporary stiffeners, heat applied first at the middle of,  the buckle may be 
effective. This also may be of advantage in some cases where comparatively heavy 
web plates are to be straightened. 

Also, as shown in Figure 21a, line heats .can be made adjacent to the stiffened edges 
of the panel of plating, keeping the temperature of the heating considerably lower than 
that ordinarily used in the flame straightening operation. The response involved in this 
latter method is quite similar to that in the so-called low-temperature stress-relieving 
method. The procedure has been used for many years to remove buckling distortion 
from panels of plating, without any consideration being givento the fact that it does re-
duce residual stresses. The ocess involved is simply that heat is applied adjacent 
to a line of welding, such as the welds joining a stiff eher to a panel of plating. The 
heat usually is applied on either side of the stiffener welds in such a manner that it ex-
erts a kind of internal jacking operation, while the welded joint itself remains at a 
cooler temperature. This internal jacking force actually stretches the metal longitudi-
nally in the immediate vicinity of the welded joint, thus compensating for the small 
amount of permanent upsetting and contraction thatoccurred when the weld was made. 
Application of this method is shown in Figure 21b. 

Very careful control should be exercised over the application of any of these meth-
ods of correcting distortion. In any event, the results should be observed during in-
termediate stages after the parts have cooled to make sure that the operations are not 
being carried too far, in which case the final result could be worse than the initial con-
dition of distortion, and perhaps even of serious consequence. 
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Chapter XI 

Defects in Arc Welds in Mild and 
Low-Alloy Steels 

In this section typical defects that can occur in arc welds in mild and low-alloy 
structural steel construction are defined and illustrated. An outline is given of the 
reasons for their occurrence, and of the ways in which they may be avoided and cor-
rected. 

Each weld defect is dealt with under the common sub-headings of description, cause 
and prevention, effect on strength, and correction. 

Control over welding to avoid defects should commence in the design and drafting 
office, where it should be stressed that details of design must be arranged so that the 
welds are accessible for the welder to deposit sound metal. 

As in other kinds of construction, defects may occur now and then despite engineer-
ing control. It is the purpose of this section to outline the cause, significance, pre-
vention, and correction of weld defects. 

DEFINITIONS AND DETAILS OF WELD FAULTS 

Incomplete Penetration 

Description. —Incomplete penetration defines a condition where the weld metal fails to 

(c) 
Figure 22. Incomplete penetration: 

Open square groove weld, used on material thicker than permitted by specifica-
tions and with smaller root opening than permitted. Lack of fusion at root of top weld 
caused by too fast travel speed. 

Single-vee groove weld. Too large an electrode or too low welding current used 
for root pass. Failure to back-gouge or back-chip root before back-welding. 

Fillet welds of tee joint, made in horizontal position. Lack of penetration 
caused by too low welding current or too large an electrode. 

Submerged-arc welds not centered on joint. 
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penetrate the root of a joint, or fails to fuse completely with the root faces of the par-
ent plate. As a result, voids or slag inclusions may exist at the root zone of the weld. 

Cause and Prevention. —Effective penetration depends on the use of the correct 
electrode size in relation to the form of the joint, the correct welding current and, in 
the case of groove welds, suitable joint preparation to allow proper manipulation of the 
electrode. Accuracy of joint preparation and fit-up are most important and should be 
as specified. 

To obtain complete penetration in groove welds welded from both sides, specifica-
tions require the chipping out or gouging of the back of the first pass before depositing 
the root pass on the opposite side of the joint. The groove thus formed at the back of 
the joint should expose the sound metal of the first pass and should allow effective 
manipulation of the electrode and full penetration of the weld metal. To avoid undue 
chipping or gouging, the root faces and root opening of prepared joint grooves should 
be maintained within specified limits. Figure 22 illustrates incomplete penetration in 
welded joints. 

In fillet welds the use of insufficient welding current or too large an electrode may 
result in lack of penetration at the root (Fig. 22c). Use of a small electrode does not 
lead necessarily to improved penetration, however, and the largest size of electrode 
consistent with proper manipulation and heat absorbing capacity of the work should al-
ways be used. 

Slag inclusions and cracking are frequently associated with poor penetration in the 
root zone of fillet welds (Fig. 29d). in extreme cases, use of very low welding cur-
rent may result in a large void being 
formed by the weld metal bridging the fu- 
sion faces. 

Where automatic welding is used, care 
must be taken to set the machine accurate-  
ly to follow the line of the joint, other- 	 .. 
wise lack of penetration may occur due to 	 •: 
the welds being offset from the centerline 
of the joint (Fig. 22d).  

Effect on Strength. —Incomplete pene- 	(a) 	 :.. 
tration creates a local geometric stress 	 .' 	. 
concentrator at the root of a weld and un- 	_____ 	. • 

	 - 
dci pulsating or fluctuating loids or low- 
temperature service the strength of the 	 •. . 
joint will generally be seriously affected. 	 . 	 . 
If very pronounced, this defect will re- 	 .. 	-- 
duce the static-load strength of a joint due  
to reduced effective throat area. 

Correction. —Lack of penetration can 
only be rectified by completely removing 	I 	

0 

the defective portions of the weld and re- 
welding. Care should be taken that the  
recess formed by removing the defective 	 . . 	. . 
metal allows adequate manipulation of the 	 . 	. . 	 .. 
electrode and full penetration of weld 	 0 

metal. The surrounding surfaces should 
be properly cleaned before rewelding.  

Lack of Fusion 

Description. —Lack of fusion denotes a 
condition where boundaries of unfused 
metal exist either between the parent 
metal and weld metal (Fig. 23) or between 
adjacent layers of weld metal. The term 
should not be confused with lack of pene-
tration. 

Figure 23. Lack of fusion: 
At root of fillet weld. May be 

caused by dirty surfaces (slag, heavy 
rust, grease, etc.) or by too low current 
or excessive travel speed. 

At root of open square groove 
weld. 	Causes saae as for fillet weld; 
also failure to back-gouge or back-chip 
root before back-welding. 
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Cause and Prevention. —Imperfect fusion may result from the presence of foreign 
matter (such as slag, oxides, scale, or other non-metallic substances) which prevents 
the underlying metal from reaching fusion temperature. This can be avoided by mnak-
ing certain that the joint is perfectly clean. In the case of multi-pass welds careful 
attention should be given to the removal of slag between the deposition of successive 
runs. 

If individual passes have excessively rough surfaces that hinder thorough slag re-
mnoval, they should be chipped or ground before the deposition of further weld metal. 

Also, use of the correct welding current is important in assuring complete fusion of 
the weld metal and parent metal. Too low a current frequently results in lack of fusion. 
It may also result from the use of an excessively high current. In the latter case the 
rate of melting of the electrode tends to induce the welder or operator to employ an ex-
cessive welding speed, with the result that the weld metal is deposited on underlying 
metal that has not been heated sufficiently to reach fusion temperature. 

Effect on Strength. —Lack of fusion tends to reduce considerably the strength of a 
joint subjected even to static loading. In a joint subjected to pulsating or fluctuating 

Figure 24. Undercut: 
At toes of fillet weld (made in flat position). May be caused by too long an 

arc, too high current, too high travel speed, wrong electrone angle, unsuitable type of 
electrode or excessive lateral manipulation. May also occur at vertical leg of hori-
zontal fillet weld. 

At first pass of single-vee groove weld, for reasons mentioned under (a). 
At toes of completed groove weld. Usually caused by too long an arc or too high 

current, and excessive travel speed. 
In first pass of a multiple-pass open square groove weld on a backing strip. 

Thickness of plate greater than permitted for this type of joint. 
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loads or low-service temperature, it is expecially serious. 
Correction. —Lack of fusion can only be rectified by completely removing the del cc-

tive portions of the weld and rewelding. Care should be taken that the recess formed 
by removing the defective metal allows adequate manipulation of the electrode and full 
penetration of weld metal. The surrounding surfaces should be properly cleaned before 
rewelding. 

Undercut 

Description. —The term "undercut" applies to the condition where a local reduction 
in section of the base metal occurs alongside the weld deposit. The fault generally ap-
pears as a groove, either continuous or discontinuous. This condition (Fig. 24) may 
occur either on the surface of the base metal at the toes of weld, or in the fusion faces 
of multi-run welds. 

Cause and Prevention. —Undercutting is most commonly associated with the use of 
excessive welding current, but it is also caused frequently by the welder using an in-
correct technique, such as too rapid a welding speed, excessive side manipulation, or 
wrong angle of electrode. In certain circumstances the defect may, however, be clue 
to the inherent welding characteristics of the electrode. Undercutting is also sometimes 
associated with the presence of heavy mill-scale on the surface of the base metal. 

Effect on Strength. —In the case of severe fatigue loading the presence of a pronounced 
degree of undercutting may reduce the fatigue endurance of the joint a good deal and 
therefore should not be permitted. In the case of static loading, however, the presence 
of very small and intermittent undercutting may usually be disregarded. 

Correction. —The defect may be rectified by adding further weld metal at the point 
where undercutting occurs. Deep undercutting should be chipped away before reweld-
ing, particularly if it contains slag, as this is likely to prevent complete fusion with 
the underlying metal. The additional weld metal deposited should conform in shape as 
nearly as possible to the general contour of the desired weld. 

In correcting this defect by depositing a small weld bead it may be necessary to pro-
vide preheat, especially in the case of thick material that would cause rapid cooling of 
the weld deposit. 

Edge of Plate Melted Off 

Description. —This defect is a particular case of deficient weld size and, some-
times, unsuital)le weld profile. It applies to the condition where, in depositing a fillet 
weld in a lap joint, the exposed corner of the parent plate is melted away along the 
length of the weld, resulting in a reduction of the thickness of the plate at the edge and 
consequently a deficient effective size of weld (Fig. 25). 

Cause and Prevention. —The defect may be caused by incorrect manipulation of the 

 

this edge should 
be visible 

Correct size 

reduced throat thickness 

(a) 

 

(b) (c) 
Figure 25. Edge of plate melted off at lap joint: 

Macrosection of faulty joint. 
Diagram uhowing deficient throat of actual weld, resulting from faulty manipu-

lation or use of too large an electrode. 
Restoration to correct size by depositing weld bead. 
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electrode or by using an electrode that is 
too large in relation to the base metal 
thickness. It is rather difficult to make 
a fillet weld along the edge of a plate of a 
size equal to the plate thickness. Where 
a fillet weld is applied to the edge of a 
part, the designer should arrange, where 
possible, that the size of the weld is at 
least i/is in. less than the plate thickness 
to avoid melting the exposed corner. 

Effect on Strength. —The static and 
fatigue strength of a welded lap joint will 
be reduced where the defect occurs, in-
asmuch as the effective throat will be re-
duced by the melting of the corner of the 
plate (Fig. 25h). 

Correction. —The defect can be recti-
fied by depositing additional runs of weld 
metal and restoring the throat thickness 
to the correct size. The method of cor-
rection is illustrated in Figure 25c. 

Overlap 

Figure 26. Overlap at horizontal leg of 
fillet weld made in horizontal position. 
(Note also the undercut at vertical leg.) 
Caused by faulty electrode manipulation, 
wrong electrode angle, too low travel 
speed, too low current or too large a de-
posit in a single pass. Overlap may also 

occur at toes of a groove weld. 

Description. —Overlap is an imperfection at a toe of a weld caused by an overflow of 
weld metal onto the surface of the base metal without fusing to it. An excess of weld 
metal extends beyond the limits of fusion at the surface of the plate (Fig. 26). This 
condition may exist intermittently or it may occur continuously along the welded joint. 
It is more often associated with fillet welds and results in an apparent increase in the 
size of the fillet weld. 

Cause and Prevention. —The defect frequently arises from an incorrect manipulation 
of the electrode (for example, in flat or horizontal fillet welding, the use of a wrong 
electrode angle, which allows the weld metal to flow away from the fusion zone). Also, 
use of too large an electrode in relation to the position of welding may be a contribut-
ing factor. Use of incorrect welding current and are length may also cause overlap. 

The welding speed employed should result in adequate fusion at the toes of a weld. 
Too low a welding speed may result in the weld metal flowing beyond the fusion zone 
and should be avoided. Too high a current may cause overlap due to increased melt-
ing rate of the overheated last portion of the electrode. 

Single-pass fillet welds larger than /16 in. in leg size and made in the horizontal 
position tend to sag toward the base and cause overlapping at the toe of the horizontal 
leg. For horizontal fillet welds larger than /16 in., more than one run is generally 
required, the exact number depending on the type of electrode and welding technique 
used. 

Effect on Strength. —Structural discontinuities of this kind at the toe of a weld will 
act as stress raisers and may adversely affect the strength of the joint under pulsating 
or fluctuating loads. Under severe conditions of fatigue loading the defect should not 
be permitted. In statically loaded joints the effect of overlap may not be serious, ex-
cept in regard to the effect on the size of fillet welds. In any event, pronounced over-
lap should be considered as poor workmanship. 

Correction. —Overlap can usually be rectified by removing the excess weld metal. 
Care should be taken to leave a smooth surface and to avoid forming deep grinding 
marks in the weld or parent metal; also to avoid leaving the surface of the metal in a 
severely cold-worked condition. If overlap in a fillet weld has been accompanied by 
sagging of weld metal and reduced effective size, the correct section must be provided 
by depositing additional weld metal. 

Slag Inclusion 
Description. —The term "slag inclusion" refers to any non-metallic matter that may 
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Figure 27. Slag inclusions in groove welds: 
Between passes. Usually caused by failure to remove slag between passes. 
Between passes and at sides of groove. Failure to remove slag between passes, 

and also walls of groove may have been dirty; or undercut of walls of groove by previ-
ous pass may entrap slag. 

At root of double-vee groove weld due to failure to back chip or back gouge 
root before back welding. (nall, isolated, globular inclusions have little effect up-
on strength or fatigue resistance.) 

be included in the weld. In the shielded metal-arc process the usual source of inclu-
sion is the slag formed by the electrode covering. Figure 27 shows sections of welded 
joints and weld metal containing slag inclusions. 

Cause and Prevention. —Slag may be forced into the weld metal by the arc during 
the welding operation, in which case it will generally be finely dispersed throughout 
the weld and its presence in small amounts is not considered objecUonable. 

Slag may be trapped in cavities such as are formed by undercutting, or uneven pre-
ceding runs. In this case the inclusions are likely to appear as an elongated line of in-
cluded slag which may be continuous or discontinuous. In multi-run welds inclusions 
may occur as a result of imperfect cleaning of the slag between the deposition of suc-
cessive runs. In this respect the shape and surface condition of the preceding runs 
are important. 

Although the slag formed by the electrode covering is the chief source of inclusions 
in a weld, other non-metallic matter may be included if the fusion faces or surround-
ing parent Plate surfaces are not sufficiently clean. Heavy mill scale, loose rust, dirt 
and grit, and other substances which might affect the quality of the weld should be re-
moved prior to welding. A slight layer of rust, light oxide film resulting from oxygen 
cutting, or a coating of linseed oil, may usually be disregarded. 

In preparing fusion faces care should be taken to leave the surface reasonably smooth 
arid free from irregularities such as would interfere with the deposition of the weld or 
be the cause of slag pockets or voids. Where manual oxygen cutting is employed, the 
torch should be adequately guided to ensure a smooth edge. 

The welding characteristics of the electrode (particularly the viscosity of the slag, 
which affects the case of control during welding) constitute an important factor in re-
lation to inclusions. The molten slag should float freely to the surface of the metal 
and be easily removable after solidification. 

Slag removal can generally be accomplished by wire brushing and light chipping. 
If, however, the weld surface is irregular or excessively convex, it may be necessary 
to chip or gouge the weld to a smooth surface before depositing additional runs. 

Slag inclusions are often associated with lack of penetration and in this respect full 
consideration should be given to those factors that are likely to cause poor penetration; 
that is, the use of too large an electrode, an inadequate welding groove angle, over-
size root faces, incorrect angle of electrode, etc. 

For the initial and intermediate layers of a butt weld, the electrode and its manipu-
lation should be such as to provide a deposit with a uniformly flat or slightly concave 
surface. 
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Effect on Strength. —The strength of a welded joint may be considerably reduced if 
large irregular inclusions or elongated lines of inclusions are present. These some-
times give rise to radiating hairline cracks. The presence of small, isolated, globu-
lar inclusions may not, however, seriously affect the strength of a joint and these nor-
mally may be disregarded. 

(a) 

(b) 

Figure 28. Porosity may be caused by excessive content of certain nonmetallics (such 
as sulfur) in the base metal, or by surface oxides such as heavy scale or rust; by ex-
cessive moisture on surfaces or in electrode coatings that have become damp; also by 
unsuitable welding current and travel speed, which allow insufficient time for gases 
to escape: 

"Wormholes" at root of fillet weld. 
Isolated cavities in groove weld. 
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Correction. —To rectify welds containing serious slag inclusions the defective por-
tions should be removed and rewelded. Care should be taken that the recess formed 
by removing the defective metal allows adequate manipulation of the electrode and full 
penetration of weld metal. The surrounding surfaces should be properly cleaned be-
fore rewelding. 

Porosity 

Description. —The term "porosity" refers to the presence of cavities in the weld 
metal caused by the entrapment of gas. In general, porosity takes the form of small 
spherical cavities, either scattered throughout the weld or clustered in local regions 
(Fig. 28). In some cases elongated or tubular gas cavities (referred to as "wormholes") 
or large, round, isolated gas cavities (referred to as "blowholes") may be present in 
the weld. These may be partially filled with slag. Figure 28a shows the kind of cavi-
ties that are called "wormholes." 

Cause and Prevention. —The formation of porosity is due to the entrapment of gas 
evolved by chemical reaction during the welding process. A number of factors contri-
bute to the occurrence of this defect. The composition of the parent plate and electrode 
core wire is important, particularly with regard to sulfur content—high sulfur readily 
promotes the formation of porosity. Excessive moisture content of the electrode cov-
ering will also give rise to this defect. It is most important that stored electrodes be 
maintained in a dry condition. If they become affected by dampness but are not other-
wise damaged, they should only be used alter being dried out in a manner approved by 
the manufacturer. 

Use of too low welding currents, too long or too short arc lengths, or any other fac-
tor which promotes too rapid freezing of the weld metal, will tend to produce porosity. 
It is sometimes advisable to increase the solidification period by using a higher cur-
rent, or by manipulation of the electrode, to allow sufficient time for the gases in so-
lution in the weld metal to escape. 

Attention should also be given to the condition of the fusion faces, which should be 
free from moisture, mill scale or any other material likely to affect the quality of the 
weld. 

Effect on Strength. —If the effective load-carrying area of a welded joint is reduced, 
or serious stress raisers are introduced, by the presence of excessive porosity, blow-
holes, or' wormholes, the mechanical properties are likely to be considerably im-
paired. This is particularly the case where the applied stress is of a fatigue-produc-
ing nature. The static strength of a joint may not, however, be affected to any great 
extent by the presence of small, finely dispersed porosity. 

Correction. —Welds containing excessive porosity should be rectified by removal of 
the defective portions of the weld, and rewelding. Care should be taken that the recess 
formed by removing the defective metal allows adequate manipulation of the electrode 
and full penetration of weld metal. The surrounding surfaces should be properly 
cleaned before rewelding. 

Cracks 

Description. —Cracks in welded joints may occur in either the weld metal or the ad-
jacent parent metal. They may occur by tearing while the metal is in a hot plastic 
condition (hot cracks) or by fracture after the metal has cooled to a lower temperature 
(cold cracks). Cracks in groove and fillet welds are illustrated in Figure 29. 

Weld metal cracks may generally be classified as longitudinal, transverse, crater, 
and hairline cracks starting at defects such as slag inclusions, insufficient penetration, 
and poor fusion. Longitudinal cracks in a weld may occur as extensions of crater 
cracks. 

Base metal cracks normally are situated within the heat-affected zone of the mate-
rial and may be either longitudinal (adjacent to the edge of a weld), transverse, or 
under-bead. Cracks in parent metal sometimes originate from cracks in the weld. 

Cause and Prevention. —(a) Weld Metal Cracks. A tendency for cracking of weld 
metal may be aggravated by the chemical composition of the base metal or electrode 



(a) 

64 

Figure 29. Cracks are the ShoOt serious type if weld defect. 
Crack in 'pear-shaped single-pass submerged arc weld deposit. Caused by use 

of too high welding current, in obtaining excessive penetration in one pass. (Procedure 
violated AWS Specifications.) Maximum permissible current may depend upon flux compo-
sition and chemistry of base metal. 

Cracks in single-pass square groove welds. AWS Specifications require such 
joints to be welded from both sides of the joint, which would eliminate distortion as 

well as cracking. 
Crack in submerged are deep-penetration fillet weld, sometimes caused by exces-

sive voltage. Might be detected by examination of run-off plates at ends of joints. 

(a) Crack in inadequate throat of fillet weld, due to lack of penetration. Similar 
cracks may occur in single-pass fillet welds or in root passes when the size of weld or 
weld-pass is smaller than permitted for the plate thickness involved. 

materials, but the direct cause of weld metal cracking is the localized stress in the 
joint arising from the shrinkage of the weld metal and the resistance to movement of 
the parts during welding. It is therefore necessary to give careful consideration to the 
joint conditions and the degree of restraint opposing movement of the parts during weld 
shrinkage. The sequence of assembly welding should be such as to allow shrinkage to 
take place without excessive restraint. 

Individual passes, especially initial root passes, should be large enough to with-
stand shrinkage stresses. This is particularly important in the welding of heavy plates 
and sections or under conditions of restraint. Rapid cooling of the weld metal by con-
ductivity and other chilling effects (that is, drafts and low temperature conditions) in-
creases the tendency to cracking. 



65 

Bad fitting of parts or incorrect preparation of joints frequently results in poorly 
fused areas, lack of penetration, or slag inclusions in a weld. Hairline cracks may 
be initiated from these defects and progress throughout the depth of the weld. 

Longitudinal weld metal cracks are more likely to occur in the first layer of a weld 
than elsewhere. If not cut out and rewelded they may spread through subsequent lay-
ers of weld metal. Cracks of this nature frequently result from unsatisfactory shape 
or position of the weld deposit. In such cases it may be necessary to change the weld-
ing procedure. Longitudinal cracks may also occur as an extension of a crater crack; 
therefore, all weld passes should be completed in such a manner as to avoid leaving a 
deep crater. 

When a long continuous pass is made rapidly in a groove weld in thick material and 
the joint is subjected to severe transverse restraint, this restraint together with the 
inherent longitudinal restraint can cause transverse cracking as well as longitudinal 
cracking in the weld. Transverse cracks may extend into the parent plate, particular-
ly if the heat-affected zone has hardened considerably during welding. Hardness and 
brittleness of the heat-affected zone are factors of prime importance in the problem 
of cracking, particularly in the case of high tensile steels. They are more fully dis-
cussed subsequently under "Base Metal Cracking." 

Transverse cracks are sometimes of the hot-crack type and may be caused by hot 
shortness due to sulfur, although the sulfur content of most commercial mild steels 
does not normally affect the weldability of the material. Weld metal cracking may be 
encountered if excess sulfur is present in the parent plate or electrode core wire. 
Where this is suspected it may be conveniently revealed by taking sulfur prints. Al-
though sulfur and high carbon are probably the commonest objectionable elements in 
mild steel from the point of view of good welthbility, other elements may occur as im-
purities and may lead to cracking if excessive amounts are present. Nickel may lead 
to such cracking if a proper balance of other elements (such as carbon) is not provided. 

In the case of automatic welding where the crater produced is of considerable size, 
it is necessary to arrange extension plates at the ends of butt welds so that the start-
ing and finishing of the weld passes are in the clear of the joint. The starting and fin-
ishing plates should be the same thickness as the joint material. The minimum dimen-
sions of starting plates should be 6 in. wide by 6 in. long in the direction of the seam. 
For finishing plates the corresponding minimum dimensions should be 6 and 9 in., re-
spectively. 

The effect of submerged-arc and similar welding processes is to open up the joint 
ahead of the arc. It is therefore necessary for the finishing plate to be butt welded to 
the workpieces at the end of the joint for their full width and thickness to prevent the 
joint from opening in this manner. Experience has shown that unless these welds are 
fully effective, cracking is likely to occur in the joint being welded. 

(b) Base Metal Cracking. Although base metal cracking may occur under certain 
conditions in thick sections of mild steel, it is more particularly associated with high 
tensile steels (that is, medium carbon, low-alloy and high-alloy steels). Base metal 
cracks in high tensile steels are normally situated within the heat-affected and har-
dened zone of the material and are attributable to the effects of the composition of the 
base metal, the associated cooling rate after welding, and the degree of restraint. A 
number of factors, such as the thickness of the base metal, the rate of heat input dur-
ing welding, and the atmospheric temperature, influence the cooling rate. 

The hardenability of the various high tensile steels differs considerably according 
to the composition of the material. The following remarks, although holding good to a 
certain extent for most high tensile steels, are primarily intended to apply to low-alloy 
structural steels. They should also be considered, however, in dealing with thick 
sections of mild steel. 

Hardening of the heat-affected zone results from the rapid cooling of the metal after 
deposition of the weld metal. This hardness increases with the thickness of the plate, 
due to the quicker dissipation of heat and consequently more sudden cooling. There-
fore, the danger of cracking increases with plate thickness, particularly in joints that 
are highly restrained. The rate of cooling should be retarded sufficiently to avoid 
formation of an excessively brittle zone and to reduce the rate at which shrinkage 
stresses are developed. 
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Reduction of the cooling rate can be achieved either by preheating, immediate post- 
heating, or by increasing the rate of heat input per unit of weld by means of suitable 
procedure. Preheating is usually more convenient than post-heating, and at least 
equally effective. A suitable welding procedure involves the deposition of large weld 
passes by the use of relatively large electrodes or by vertical upwards welding. 

Under critical circumstances, multiple-pass welds should be so deposited that the 
heat is maintained in the surrounding plate, with succeeding passes made as soon as 
possible after the first run. The build-up sequences used to accomplish this are known 
as "cascade" and "block" welding. 

In the welding of steels likely to harden, the use of small tack welds must be avoid-
ed, especially when preheating cannot be applied. Similarly the striking of arcs on the 
base metal outside a weld groove or area should be carefully avoided, as local hard 
spots may result and give rise to the formation of small surface cracks. 

Requirements for preheat, interpass temperature, and the use of low-hydrogen 
electrodes should be applied with good judgment. For example, even though structural 
carbon steel material of 1-in, thickness is not required to be preheated or welded with 
low-hydrogen electrodes, it would be advisable to warm the base metal at least some-
what at the point where welding is to be started when the base metal temperature is 
near the allowable minimum of 10 F, and perhaps to observe other precautions with 
respect to welding procedures. For plates over 1 in. and up to 2 in. thick, 200 F pre-
heat is specified when ordinary (without low-hydrogen coatings) electrodes are used. 
Obviously, the full 200 F preheat would not be as important when welding 1'/-in. 
plate under little restraint as in the case of welding 2-in, plate at a joint subjected to 
severe restraint, although the nominal specification requirements are the same for 
both cases. 

Effect on Strength. —The strength of a welded joint, under any conditions of loading, 
will be seriously reduced by the presence of cracks in a weld and under no circum- 
stances should such defects be permitted. 

Sometimes a minor member or element that is not thought of as carrying much 
stress or major responsibility may be welded continuously to a main member; for ex-
ample, a steel curb or handrail base that is welded to a steel deck plate, which in turn 
is welded to the top flange of a girder. In such cases, serious defects should be toler-
ated no more in the minor part or attachment than in the main member. A fracture 
starting in such a minor attachment can propagate into the main member. 

Correction. —Weld metal or base metal cracks can only be rectified.by  removing 
the defective parts and rewelding. Precautions should be taken to ensure that the 
cracked portions are removed completely. The removal should extend well beyond the 
visible extremities of the cracks and the surrounding surfaces should be properly 
cleaned and examined before rewelding. A modified welding procedure may be neces- 
sary to prevent a recurrence of cracking. 

Incorrect Weld Size and Prof ile 

Description. —Although incorrect weld size is usually thought of as pertaining to 
undersized welds or to welds of variable size, excessive sizes of fillet welds may be 
objectionable in some cases (for example, where they may cause distortion). 

The defects associated with incorrect profile in fillet welds are excessive convexity 
or concavity, irregularity of the weld face, and unequal leg lengths (Figs. 30d-g). Ex-
cessive concavity usually is not objectionable unless it results in deficient throat di- 
mension. 

In butt welds, incorrect profile refers to lack of. reinforcement, excessive rein-
forcement, or irregularity of the weld deposit (Fig. 30c). Lack of reinforcement ap-
plies to a condition where the weld face lies below the surface of the base metal (Fig. 
30b), excessive reinforcement to a condition where weld metal is deposited substan-
tially in excess of the surface convexity required to insure full throat thickness (Fig. 
30a). 

Cause and Prevention. —Welds of incorrect size or unsatisfactory profile generally 
arise from use of a faulty welding procedure and technique, or lack of understanding 
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Figure 30. Incorrect profile and weld-size. 

Excessive reinforcement of single-vee groove weld. 
Insufficient build-up of singlo-vee groove weld. 
Irregular and excessive reinforcement. 
Excessive convexity of fillet weld and lack of penetration. Often caused by too 

low current. 
(c) Excessive concavity and lack of penetration due to faulty manipulation. Most 

likely to be found in vertical fillet welds made with downward direction of travel. 
Unequal-leg, poorly shaped fillet weld with lack of penetration caused by wrong 

electrode position. 
Even in flat position, unequal-leg fillet weld results from wrong position of 

electrode. 

on the part of the welder of the requirements of the plans and specifications. 
Excessive convexity or concavity of the weld face may in certain cases be due, at 

least in 1)art, to the welding characteristics ni the electrode. These defects are more 
generally attributable, however, to the use of incorrect welding current, convexity be-
ing associated with low current and concavity with high current. The welding position 
is also a contributory factor. 

Fillet welds of unequal leg lengths are generally due to faulty manipulation of the 
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electrode or incorrect positioning of the workpicce when welding in the horizontal po-
sition. Normally it is difficult to deposit large single-pass fillet welds of consistently 
equal leg length in the horizontal position, as they tend to sag at the base. Horizontal 
fillet welds larger than 5/u  in. should be deposited in more than one pass. Undersize 
fillet welds will be produced if, due to bad fitting up of the parts, the effective leg 
length is reduced by excessive root gaps. 

Excessive reinforcement or lack of reinforcement in butt welds is due to use of an 
incorrect welding procedure or fitting. It should not occur if the joint preparation, 
electrode size, welding current, number of passes to be made, welding speed, and 
length of pass per electrode are suitable. 

Effect on Strength. —Excessive concavity and unequal leg lengths may reduce the 
throat thickness of fillet welds and in this way also reduce the ultimate strength of the 
welded joint. 

Excessively convex fillet welds may be of equivalent static strength to standard welds. 
The welding conditions which tend to produce fillets of this shape, however, may also 
tend to cause other defects, such as lack of penetration and lack of fusion, which will 
affect the strength of the weld considerably. Excessive convexity may also be associ- 

(b) 
	

(e) 

Figure 31. Unsatisfactory surface appearance 
Elongated ripples caused by wrong electrode angle and too short an arc. Also 

crater not filled sufficiently. 
Uneven surface and undercut caused by too fast travel. Also crater unfilled. 
& (d) Badly shaped ripples due to faulty electrode manipulation. 

(e) Surface porosity due to unsuitable chemistry of base metal, usually too high 

sulfur. 
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ated with overlapping at the toes of a weld. Due to the resulting notch-effect and stress 
concentration, the fatigue strength of a joint will be reduced where these defects are 
present. 

Both lack of reinforcement and excessive reinforcement of butt welds will reduce 

.:. 
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Figure 32. Excessive spatter and badly shaped welds caused by too long an arc. Bottcin 
photo shows paint applied over spatter and spots ecposed to corrosion where spatter has 
subsequently dropped off. Spatter and slag should be removed thoroughly before painting. 

fatigue strength. Lack of reinforcement may also prevent the joint from developing 
the full strength of the parent plate under static loading. 

Correction. —Excessive concavity and unequal leg lengths in fillet welds should be 
rectified by adding weld metal. To correct excessive convexity it is necessary to re-
move the excess weld metal by chipping and grinding. 
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Excessive reinforcement in butt welds may be rectified by removing the excess 
metal. Lack of reinforcement can be corrected by adding further weld metal. In cor-
recting these faults, care should be taken that prior to rewelding the joint is thoroughly 
deslagged and is in a clean condition. 

Unsatisfactory Surface Appearance 

Description; —The term "unsatisfactory surface appearance' embraces a number of 
faulty conditions of the weldsurface as distinct from incorrect weld size and profile, 
covered under the preàeding heading-. Such conditions include excessive surface rough-
ness, surface porosity, visible included slag, -unfilled end-crater, and faulty junction 
and fusion at pomts where welding is interrupted momentarily, as for changing elec-
trodes. Various types of unsatisfactory surface appearance are illustrated in Figure 31. 

Cause and Prevention. —The formation of rough or irregular weld surface is due 
mainly to the use of incorrect welding procedure and technique, although in certain 
cases the welding characteristics of the electrode may affect the surface appearance 
of a weld. In judging the appearance-  of a weld, due regard must be given to the weld-
ing position in which it was made. For example, the surface ripples of a;weld made in 
the vertical position will necessarily be more pronounced than for a weld: made in the 
flat position or in a horizontal fillet weld. 

Accessibility of joints is an important factor. The position, ofwelds in a structure 
should allow the welder adequate manipulatiOn of the electrode. 	- - 

Effect on Strength. —Under severe fatigue loading conditions such defects may affect 
the strength of a joint, as they form local stress raisers and provide sources for ini-
tiation of fatigue cracks. In general, however, the static strength of a welded joint 
will not be adversely affected by surface roughness or by dispersed, surface porosity 
or visible slag; - 	- 	 - 

Correction. —Surface roughness, visible included slag, or surface porosity, can be 
rectified by removing the faulty part of the weld deposit and rewelcling. The removal 
of tightly adhering slag (for example, along the toe of a weld) thay require only vigor-
ous wire brushing or light chipping, with no need for rewelding.- 

Spatter 	 - 

Description. —During the deposition of a weld, a spatter-  bf small globular deposits 
of metal from the electrode may be scattered over the surface of the weld and adjacent 
parent metal. In some cases these adhere tightly. The main objectioi to excessive 
spatter, as such, is the waste of useful material and the cost of removal of the spatter, 
to provide good appearance and a suitable surface for painting. However, excessive 
spatter may be an indication of such improper procedures or techniques as would cause 
other, more serious, defects (Fig. 32). 	 - 

Cause and Prevention. —Excessive spatter is associated mainly with the use of ex-
cessive welding current or too long an arc, although in some cases the welding charac-
teristics of the electrode or dampness of the electrode covering may contribute to this 
condition. Frequent interruptions of the arc during welding may also tend to cause 
more spatter and should be avoided as far as possible. 	 - 

Effect on Strength. —Spatter has no measurable effect on the strength of a welded 
joint. 	 - 	 - 

Correction. —The fault may be rectified by vigorously wire-brushing the spatter de-
posit from the surface of the plate, or by chipping in the case of very tightly adhering 
spatter. 	 - - 	 - - 



Chapter XII 

Safety and Protective Equipment 

During field welding, particularly, it is frequently necessary for welders, welding 
operators, and inspectors to work on scaffolding or falsework. It is important for 
their personal safety that such personnel while working above the ground be ever mind-
ful of their precarious position, expecially as their sight is obscured by protective hel-
mets or face shields and their attention is necessarily directed to the actual welding 
operation. Also, under these circumstances, one of the major hazards of electrical 
shock is the possibility of injury from.fàlls.. 

The inspector should keep himseLf safety conscious, and should instill a like con-
cern in the minds of the welders and welding operators. The contractor should provide 
safe and adequate scaffolding, ladders, and falsework wherever necessary. These are 
often of importance, also, in facilitating good workmanship. 

All personal protective equipment should conform to the requirements of the appli-
cable codes and specifications. The inspector should require that the contractor en-
force use of approved accessories necessary for the protection and convenience of the 
welders and welding operators, and for the proper and efficient execution of the work. 
Suitable protection against radiation from the arc must also be maintained by the con-
tractor where arc-welding operations might be viewed wthin harmful range by persons 
other than the actual welders, welding operators, and inspectors. 

A discussion of safety precautions in detail has not been included here because suit-
able instructions in this regard are readily available elsewhere. The' Importance of 
following safe practices cannot be overemphasized. Inspectors on welded construction. 
should be provided with more comprehensie bookleth or publications on safety in weld-
ing and cutting. Some of the manufactiuers of. welding and cutting supplies and equip-
ment have prepared such booklets for distribution. They are usually composed of a 
quite comprehensive set of simply stated rules easily understood by workmen. These 
rules usually are based on standard provisions for safety as found in recognized codes 
or standards. 

For a comprehensive and more formal treatment of safety in welding and cutting, 
the reader can refer directly to such publications as the following: 

"Safety in Welding and Cutting." ASA Standard No. 2,49. 1-1958, American Stan-
dards Assgciation; published by the American Welding Society. 

"Recommended Safe 'Practices' for Inert Gas Metal Arcwelding, "publication 
A. 6. 1-58, American Welding Society. 

"Safe Practices for the Installation and Operation of Oxyacetylene Welding and 
Cutting Equipment." International Acetylene Association. 
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THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of. the ACADEMY—COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 


